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Abstract

Several conventional treatment methods have been used to treat the wastewater from
differentpaper mills. Previous studies and applications have shown that conventional
methods are not capable to comply with the most stringentenvironmental regulations
on effluentquality and/or for the process water to be reused in papermaking (Shankar
et al., 2014).

Faced with the necessity for process optimization membrane separation technology
has attracted more and more attention as an alternative way to treat paper mill
wastewater. Some nanofiltration (NF), ultrafiltration (UF) and reverse osmosis (RO)
plants have been installed in pulp and paper mills to purify secondary and tertiary
effluents using external biological treatment. The major advantage of the membrane
separation technology is that it can save energy, reduce the carbon footprint and
simplify operation. Many reports have demonstrated the applicability of membrane
technology to pulp and paper mill wastewater (Pokhrel and Viraraghavan, 2004a).
Additionally, UF can be used as an advanced tertiary treatment to remove suspended
solids and dissolved and colloidal substances (DCS) during the treatment of paper

industry effluent.

However, membrane fouling is a major drawback that limits widespread and full-scale
applications of UF and, currently, this treatment technology can only be used to filter
paper mill effluentthat has been pre-treated and meets discharge standards (Puro et
al., 2011a). To helpminimize membrane fouling,itis importantto understand the effect
of operating conditions on process and investigation the chemical composition and

possible origins of membrane foulants.

The overall goal of this research has been divided into three main parts: i) describes
how to find optimal operating conditions of four controlling parameters, such as
transmembrane pressure (TMP), cross-flow velocity (CFV), temperature and molecular
weight cut-off (MWCO) for maximizing the average permeate flux (Jp) and chemical
oxygen demand (COD) rejection, and minimizing the cumulative flux decline (SFD)
using Taguchi method and utility concept for a cross-flow UF in pilot scale, used to
remove DCS from a paper mill treated effluent (PMTE), ii) flux decline and fouling
mechanisms of UF membranes fouled with PMTE were examined by theoretical

iv



modelling. The results from UF tests were expressed in terms of permeate flux (Jp) as
a function of time to check modified Hermia’s models adapted to crossflow filtration
and cake formation in constant-pressure filtration, and iii) describes the Identification,
characterization and possible origins of UF membrane foulants. Techniques such as
chemical analysis, FESEM, SEM-EDS, ATR-FTIR and 3DEEM analysis were applied

to understand which fraction of the foulants caused the fouling.

This research found that the TMP and MWCO have the greatest contribution to the
average permeate flux and SFD. In the case of the COD rejection rate, the results
showed that MWCO has the highest contribution followed by CFV. The optimum
conditions were found to be the second level of TMP (2.0 bar), the third level of the
CFV (1.041 m/s), the second level of the temperature (15 °C), and the third level of
MWCO (100 kDa). Under these optimum conditions J,, COD rejection and SFD
resistance of 81.15 L/m?/h, 43.90% and 6.01 (around 28.96 % of FD), respectively,
were obtained and they were within of the predicted range at the 95% confidence

interval.

Furthermore, the results showed that the predictions of the modified Hermia’s models
adapted to cross-flow UF had good agreements with experimental data, underdifferent
conditions tested for PMTE. Therefore, it can be concluded that for all cases the best
fit (higheraccuracy) to the experimental data corresponds to the complete (coefficient
of determination R?>0.97) and intermediate (R? >0.96) blocking, followed by the cake
layer formation (R? >0.94). Moreover, measurements of particle size distribution and
zeta potential near the isoelectric point, showed a substantial reduction in colloidal
compounds.

The 3DEEM analysis revealed that the majority of the organic foulants with
fluorescence characteristicson the fouled membraneswere colloidal proteins (protein-
like substances I+ll) and macromolecular proteins (SMP-like substances). Further,
polysaccharide (cellulosic specie), fatty and resin acid substances were identified on
the fouled membrane by the ATR-FTIR analysis and they play an important role in
membrane fouling. In addition, the membrane SEM-EDS analysis showed accumulate
and adsorbed onto the membrane surfaces of inorganic foulants, such as multivalent
metal ions and especially Ca?* (acts as a binding agent) that could accelerate cake

layer formation on the membrane.



Resumen

Varios métodos de tratamiento convencionales han sido usados para depuracion de
las aguas residuales de diferentes procesos de fabricas de celulosa y papel. No
obstante, previos estudios y aplicaciones han demostrado que los métodos
convencionales no son en su totalidad capaces de cumplir con las normativas
medioambientales que se hacen cada dia mas estrictas con respecto a la calidad de

los efluentesy/ o para que el agua se reutilice en el proceso (Shankar et al., 2014).

Ante la necesidad de optimizar tal proceso, la tecnologia de separaciéon mediante
membranas ha atraido cada vez mas atencion como unaforma alternativa y eficaz de
tratar las aguas residuales de las fabricas de papel. Algunas plantas de nanofiltracion
(NF), ultrafiltracion (UF) y 6smosis inversa (RO) se han instalado en la industia
papelera como tratamiento terciario a fin aumentar la calidad del efluente a verter o
reutilizar. Entre las principales ventajas de la tecnologia de separacién por membranas
se encuentran: bajo requerimiento energético, operacién simplificada, reduccion de la
huellade carbonoy pueden combinarse facilmente con otros procesos de separacion.
Muchos informes cientificos han demostrado la aplicabilidad de la tecnologia por
membrana a las aguas residuales de las fabricas de celulosay papel (Pokhrel and
Viraraghavan, 2004a). Ademas, la UF puede ser utilizada como un tratamiento
terciario avanzado para eliminar sélidos suspendidos y, sustancias disueltas y

coloidales (DCS) durante el tratamiento de efluentes de la industria papelera.

Sin embargo, el ensuciamiento de las membranas es un inconveniente importante que
limita las aplicaciones de UF a gran escala, y en la actualidad esta tecnologia de
tratamiento solo se puede utilizar para filtrar efluentes de la industria papelera pre-
tratados y que cumplan con los estandares de descarga (Puro et al., 2011b). Por lo
tanto, a fin de minimizar el fendmeno de ensuciamiento de las membranas, es
importante comprender el efecto de las condiciones de operacion, de los mecanismos
de ensuciamiento e investigar la composicién quimica de sustancias contaminantes

de las membranas.

El objetivo general de esta investigacion se dividi6 en tres partes principales: i)
describe como encontrar las condiciones Optimas de operacion de cuatro parametros
de proceso: presion transmembrana (TMP), velocidad de flujo cruzado (CFV),
temperatura y corte de peso molecular (MWCO) para maximizar el flujo promedio de

permeado (Jp) y rechazo de la demanda quimica de oxigeno (COD) y minimizar el
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descenso del flujo de permeado acumulado (SFD) utilizando el método de Taguchi
(Design Robusto) y utility concept aplicado a un proceso de UF a flujo cruzado en
escala piloto, para remover DCS de efluentes tratados de la industria papelera
(PMTE), ii) el descenso del flujo de permeado y los mecanismos de ensuciamiento
(fouling) de las membranas de UF ensuciadas con PMTE se examinaron mediante
modelos matematicos semi-empiricos. Los resultados para los diferentes ensayos de
UF se expresaron en términos de variacion del flujo de permeado (Jp) en funcion del
tiempo para verificar la precision del ajuste (mayor valor de R? y menor valor de
desviacion estandar) de los distintos modelos de Hermia adaptados a flujo tangencial
y del modelo de formacién de torta en filtracién a presion constante ajustados a los
datos experimentales, y iii) describe métodos de identificacion, caracterizacion y
posibles origenes de las sustancias contaminantes (foulants) en las membranas de
UF. Técnicas como el analisisfisico-quimica, FESEM, SEM-EDS, ATR-FTIRy 3DEEM
se llevaron a cabo para comprender qué fraccién de los contaminantes son
responsables por la formacién de incrustaciones sobre la superficie y adsorcién dentro

de los poros de las membranas.

Los resultados obtenidos durante la etapa de optimizacion de parametros del procesos
demostraron que TMP y MWCO tienen la mayor contribucién en el J, y SFD. En el
caso de la tasa de rechazo de COD, los resultados mostraron que MWCO tiene la
mayor contribucion seguida de CFV. Por consiguiente, las condiciones Optimas se
encontraron para el segundo nivel de TMP (2.0 bar), el tercer nivel del CFV (1.041 m
/' s), el segundo nivel de la temperatura (15 °C) y el tercer nivel de MWCO (100 kDa).
Bajo estas condiciones éptimas de operacion J,, rechazo de COD y SFD alcanzaron
respuestas de 81.15 L/m2.h, 43.90% y 6.01 (alrededor de 28.96 % para FD),

respectivamente, valores dentro del rango previsto del intervalo de confianzadel 95%.

Ademas, los modelos de Hermia adaptados a UF en flujo tangencial fueron capaces
de predecir con gran precision el descensodel Jp y los mecanismos de ensuciamiento
en funcién del tiempo para todas las membranas seleccionadas (10, 30y 100 kDa) y
bajo diferentescondiciones ensayadasde UF. Por lo tanto, los modelos que presentan
un mayor grado de ajuste son el bloqueo completo de poros (coeficiente de
determinaciéon R?>0.97) y bloqueo intermedio (R? >0.96), seguido por el modelo de
formacion de torta (R2 >0.94), lo que indica que estés son los principales mecanismos

de ensuciamiento de las membranas. Vale la pena mencionar que mediciones de la
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distribucion del tamafio de particula y potencial zeta (cerca del punto isoeléctrico),

confirman unareduccion sustancial en los compuestos coloidales.

Andlisis de 3DEEM revelaron que la mayoria de la materia organica fluorescentes en
las membranas sucias eran proteinas coloidales (componentes similares a proteinas
| + 1) y proteinas macromoleculares (componentes similares a SMP). Ademas,
polisacaridos (especie celuldsica)y sustancias como acidos grasos y resinosos fueron
identificadas en las membranas contaminadas mediante anélisis ATR-FTIR, tales
sustancias desempefian un papel importante en el ensuciamiento de las membranas.
Por fin, analisis SEM-EDS para las membranas ensuciadas con PMTE se detectd
concentracion de contaminantes inorganicos (iones metalicos multivalentes)
especialmente el Ca?* que podria acelerar la formacion torta en la superficie de la

membrana.
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Resum

Diversos metodes de tractament convencionalshan sigutusats per a depuracié de les
aigues residuals de diferents processos de fabriques de cel-lulosaipaper. No obstant
aixo, previs estudisi aplicacions han demostrat que els métodes convencionalsno son
integrament capacgos de compliramb les normatives mediambientals, que es fan cada
dia més estrictes respecte a la qualitatdels efluentsi/ o perqué l'aigua es reutilitze en

el procés (Shankaret al., 2014).

Davant la necessitat d'optimitzar tal procés, la tecnologia de separaciéo mitjancant
membranes ha atret cada vegada més atencié com unaforma alternativa i efica¢ de

tractar les aiglies residuals de les fabriques de paper.

Algunes plantes de nanofiltracié (NF), ultrafiltracié (UF) i osmosi inversa (RO) s'han
instal-lat en la industria paperera com a tractament terciari a fi augmentar la qualitat
de l'efluenta abocar o reutilitzar. Entre els principals avantatges de la tecnologia de
separacid per membranes es troben: baix requeriment energétic, operacio
simplificada, reduccio de la petjada de carboni i poden combinar-se facilment amb

altres processos de separacio.

Molts informes cientifics han demostratI'aplicabilitat de la tecnologia per membrana a
les aiglies residuals de les fabriques de cel-lulosai paper (Pokhrel and Viraraghavan,
2004a). A més, la UF pot ser utilitzada com un tractament terciari avancat per a
eliminar solids suspesos i, substancies dissoltes i col-loidals (DCS) durant el

tractament d'efluents de la industria paperera.

No obstant aix0, el embrutiment de les membranes €s un inconvenientimportantque
limita les aplicacions de UF a gran escala, i en l'actualitat aquesta tecnologia de
tractament sol es pot utilitzar per a filtrar efluents de la industria paperera pre-tractats
i que complisquen amb els estandards de descarrega (Puro et al., 2011b). Per tant, a
fi de minimitzar el fenomen de embrutiment de les membranes, és important
comprendre I'efecte de les condicions d'operaciod, dels mecanismes de embrutimenti

investigar la composicié quimica de substancies contaminants de les membranes.

L'objectiu general d'aquestainvestigacio es va dividir en tres parts principals: i) descriu
com trobar les condicions optimes d'operacié de quatre parametres de procés: pressio
transmembrana (TMP), velocitat de flux creuat (CFV), temperatura i tall de pes

molecular (MWCO) per a maximitzar el flux mitia de permeat (Jp) i rebuig de la



demanda quimica d'oxigen (COD) i minimitzar el descens del flux de permeado
acumulat(SFD) utilitzantel metode de Taguchi (Design Robust) i utility conceptaplicat
a un procés de UF a flux creuat en escala pilot, per a remoure DCS d'efluents tractats
de la industria paperera (PMTE), ii) el descensdel flux de permeat i els mecanismes
de embrutiment (fouling) de les membranes de UF embrutades amb PMTE es van
examinar mitiancant models matematics semi-empirics. Els resultats per als diferents
assajos de UF es van expressar en termes de variacio del flux de permeat (Jp) en
funcio6 del temps per a verificar la precisié de I'ajust (major valor de R? i menor valor
de desviacio estandard) dels diferents models de Hermia adaptats a fluxtangenciali
del model de formacié de coca en filtracidé a pressié constant ajustats a les dades
experimentals, i iii) descriu métodes d'identificacio, caracteritzacio i possibles origens
de les substancies contaminants (foulants) en les membranes de UF. Técniques com
I'analisi fisica-quimica, FESEM, SEM-EDS, ATR-FTIR i 3DEEM es van dur a terme
per a comprendre quina fraccié dels contaminants sén responsables per la formacié

d'incrustacions sobre la superficie i adsorcio dins dels porus de les membranes.

Els resultats obtinguts durant|'etapa d'optimitzacio de parametres del processos van
demostrar que TMP i MWCO tenen la major contribucié en el J, i SFD. En el cas de la
taxa de rebuig de COD, els resultats van mostrar que *MWCO té la major contribucié
seguidade CFV. Per consegiient, les condicions optimes es van trobar per al segon
nivell de TMP (2.0 bar), el tercer nivell del CFV (1.041 m/s), el segon nivell de la
temperatura (15°C) i el tercer nivellde MWCO (100 kDa). Sota aguestes condicions
optimes d'operacié J,, rebuig de COD i SFD van aconseguir respostes de 81.15
L/m2.h, 43.90% i 6.01 (al voltant de 28.96% per a FD), respectivament, valors dins del

rang previst de l'interval de confianca del 95%.

A més, els models de Hermia adaptats a UF en flux tangencial van ser capacos de
predir amb gran precisio el descens del Jp i els mecanismes de embrutiment en funcio
del temps per a totes les membranes seleccionades (10, 30 i 100 kDa) i baix diferents
condicions assajades de UF. Per tant, els models que presenten un major grau d'ajust
s6n el blogueig complet de porus (coeficient de determinacié R2 >0.97) i bloqueig
intermedi (R? >0.96), sequit pel model de formacié de coca (R? >0.94), la qual cosa
indicaque estiguesson els principals mecanismes de embrutimentde les membranes.

Val la pena esmentar que mesuraments de la distribucié de la grandaria de particulai



potencial zeta (prop del puntisoeléctric), confirmen una reduccié substancial en els
compostos col-loidals.

Analiside 3DEEM van revelar que la majoria de la matéria organica fluorescents en
les membranes brutes eren proteines col-loidals (components similars a proteines | +
I) i proteines macromoleculars (components similars a SMP). A més, polisacarids
(espécie cel-lulosica) i substancies com a acids grassos i resinosos van ser
identificades en les membranes contaminades mitjangant analisis ATR-FTIR, tals
substancies exerceixen un paperimportanten el embrutiment de les membranes. Per
fi, analisi SEM-EDS per a les membranes embrutades amb PMTE es va detectar
concentracié de contaminants inorganics (ions metal-lics multivalents) especialment

el Ca?* que podria accelerar la formacié coca en la area de la membrana.
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Abbreviations

Membrane surface (m?)

Total spectrum area (nm?)

specific region area (i) (nm?).

Feed concentration of particles (kg.m™3)
Cake concentration

Particle diameter (m)

Fulvic acid-like

Permeate flux (m/s)

Average permeate flux

Permeante flux after the washing step (m/s)
Steady-state permeate flux (m/s)

Initial permeate flux (m/s)

Constantof Hermia’s model (units depend on the parameter n)

Humic acid-like molecules

Constantof complete pore blocking (m™)

Constant of intermediate pore blocking (m=1)

Constantthat corresponds to the standard blocking model (m~12 s71/2)
Constant of cake filtration model (s.m?)

Carmen—Kozeny constant

Mass transfer coefficient (m2m-—1.s™1)

Mass of carbon in the solution (mg.C)

Carbon mass remaining on the membrane or irreversible fouling (mg.C)
Carbon mass in the feed solution (mg.C)

Carbon mass collected in the permeate (mg.C)

Carbon mass collected in the relaxation solution (mg.C)

Carbon mass collected in the backwashing solution (mg.C)

Total mass of permeate (kg)

Mass of cake deposit per unit membrane area (kg.m-2)
Cake mass of DCS (kg);
Constant of Hermia’s modelin (dimensionless)

Critical filtration number
Aromatic protein I-like
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AP Hydraulic pressure differential (Pa)

AP, Pressure drop across the concentration polarization layer (Pa)
R, Membrane resistance (m1)
R,4 Rresistance due to adsorption
R, Resistance of the blocked membrane (m-1)
R, Cake resistance (m™)
R, Concentration polarization resistance (m™)
R, Total resistance (m™)
R, Fouling resistance (m™).
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1 Chapter: Introduction

1.1 Background of the project

The pulp and paper (P&P) industry is ranked as the world’s third largest consumer of
fresh water (Sevimli,2005) and an important producer of wastewater and differentorganic
and inorganic contaminants (Chakraborty etal., 2019; Mandeep et al., 2020). Depending
on the type of processes used in paper manufacture, the integration between production

and environmental protection is one of the key topics in the paper industry.

According to the CEPI (2017), Europe is the second largest producer of paper and
paperboard with 22.7% (91.39 million tons) of world production (Asia 45.3% and North
America 21.1%), and the third largest consumer with 18.9% (76.28 million tons), behind
Asia the leader with 46.6%, and North America with 19.2%, making it one of the most

important industries in the European economic sector.

The paper industries hold an important place in Spanish economy, as Spain is one of the
European leaders in paper recycling, with 84% of the raw materials used by the paper
industry containing recovered fibers (RCFs) (CEPI, 2017), which leading to a decrease
in the amount of the wastewater generated, due to the RCF mills being less water
consumer when compared with virgin fiber P&P producers (Hong and Li, 2012; Kamali et
al., 2016). However, we cannot forget that water is, also, an essential raw material for
manufacturing paper and paperboard, and effluent treatment is a critical part of the
process (Rajkumar, 2016). In order to minimize the amountof fresh water used and the
volume of effluent discharged, the European Commission has described the best
available techniques (BAT) to be adopted by the P&P industry (Suhretal., 2015).

Wastewater from the paper industry is challenging to be treat due to their variability,
complexity and toxicity besides that containsa high biodegradable organic matter loading
and its volume is high in relation to production (Scholes et al., 2019). Paper mill
wastewater carries significantquantities of fibre (losses with effluent 0.5-5% of total fibre
amount), filler, fines and other wet-end additives that contribute to total suspended solids
(TSS), chemical oxygen demand (COD) and biological oxygen demand (BOD). TSS
varies significantly from mill to mill, based on the type of internal clarification equipment
used, equipmentarrangement and design philosophy. COD depends on the amount of
suspended solids such as fibre, fines, and other chemically oxidisable wet-end additives
such as starch. BOD is high dueto the presence of large amounts of oxidisable materials,

such as fibre, fines, starch, wet and dry strength resins, drainage aids, dyes, sizing
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materials and other dissolved organics (Haq and Raj, 2020; Nuortila-Jokinen, 2000;
Nuortila-Jokinen etal., 2004).

Furthermore, the volume, properties and characteristics of P&P generated wastewater
depend on several factors such as the type of paper production (packaging paper,
corrugated cardboard, light-weight coated paper, printing and writing paper), the raw
materials used in the manufacturing process, which can be from virgin fibre or (RCFs),
the production process employed, applied technologies, additive chemicals and the
amount of water consumed. It is important to mention thatthe wastewater generated in a
RCF mill is quite small compared to that from a virgin P&P production process (Kamali
and Khodaparast, 2015a; Tiku et al., 2007).

In fact, P&P industryrecovery of waste papers such as mixed office waste, old cardboard,
old newsprintand old corrugated containers has increased over recent decades, due of
a number of favourable factors such as raw material economy, natural resources saving,
reductions in solid waste and effluent (Van Beukering and Bouman, 2001). However,
whenrecycled paperis used (RCF mills)the effluentis characterized by a variable loading
of fibres, pulping additive chemicals and other impurities such as short fines and fillers,
which are generally not very soluble. In addition, the concentration of dissolved organic
pollutants is particularly high and directly related to the origin of the waste papers
(Miranda Carrefio et al., 2009; Monte et al., 2009). Zwain et al. (2013) studied some

physical-chemical characteristics of recycled paper wastewater as presented in Table 1-1
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Table 1-1.Physical-chemical characterization of recycled paper wastewater from Zwain et al.
(2013).

Parameter Range*

pH 6.2—7.8a
Floc size 08-300
Temperature 3545
Chemical oxygen demand (COD) 3380—4930
Biochemical oxygen demand (BOD) 1650-2565
BODs/COD 0.488-0.52
Alkalinity 300-385
Ca 375-420
Mg 10-15
Total solids (TS) 3530-6163
Total dissolved solids (TDS) 1630-3025
Total suspended solids (TSS) 1900-3138
Total volatile solid (VSS) 840-2920

« Parameters are in mg/L except pH, BODs/COD, temperature in °C and floc size in um

A number of conventional processes have previously been used to treat the different
types of paper mill wastewater including coagulation and flocculation (Ahmad etal., 2008;
Yang et al., 2019), adsorption (Temmink and Grolle, 2005; Zhang and Chuang, 2001),
advanced oxidation (Catalkaya and Kargi, 2008; Pérez et al.,, 2002) and membrane
filtration (Ejraei et al., 2019; Gé6nder et al., 2012; Liu et al., 2014; Nuortila-Jokinen et al.,
2004; Puroet al., 2010; Zaidi et al., 1992)..

It is worth mentioning that paper mills have their own wastewater treatment plants, but
sometimes this treatment does not achieve the pollutant loadings permissible under
current regulations (Sharma et al., 2020). As a result, the wastewater must be sent to
municipal WWTPs, causing problems in designed operational conditions. Most pulp and

paper mills treat their effluentby using an activated sludge process.

However, this biologically treated effluent still contains significant amounts of colour
compounds, microorganisms, recalcitrantorganics and a minor amount of biodegradable
organics as well as suspended solids. Therefore, the biological treatment does not
significantly reduce the inorganic content of the effluent. As a result, the water is still not
sufficiently clean after this process for reuse in the production of most paper. Pulp and

paper mill effluents can be reused for the production of different types of paper and
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cardboard (Bulow et al., 2003; Chen etal., 2015b), but process water cannot be recycled
easily because dissolved and colloidal substances (DCS) and electrolytes become
enriched with water recycling. This has the effect of adversely affecting paper machine
operability and paper quality. DCS can be defined as the sum of the organic matter,
polyelectrolytes, other dissolved material, and suspended particles (less than 1pm)
presentin process water or paper mill effluent (Chen etal., 2015a). In general, the DCS
in the process comes from fibre extractives, pulp and the chemical additives consumed
during manufacturing and they can also react with electrolytes Ca2* and Mg2* (Chen et
al., 2015a; Hubbe et al., 2012; Ordofiez et al., 2010; Yuan et al., 2011).

The degree to which these impurities need to be removed before reuse of the water is
not well known. However, the higherthe quality of the paper produced, the cleaner the
water used in manufacturing should be (M6bius, 1988; Pokhrel and Viraraghavan, 2004).
Recently, membrane separation technology has attracted more and more attention as an
alternative way to treat paper mill wastewater. Some nanofiltration (NF), ultrafiltration (UF)
and reverse osmosis (RO) membrane filtration plants have been installed in pulp and
paper mills to purify secondary and tertiary effluents using external biological treatment.
The major advantage of the membrane separation technology is that it can save energy,
reduce the carbon footprintand simplify operation. Many reports have demonstrated the
applicability of membrane technology to pulp and paper mill wastewater (Pokhrel and
Viraraghavan, 2004; Thuvanderet al., 2019). Ultrafiltration can be used as an advanced
tertiary treatment to remove suspended solids and DCS during the treatment of paper

industry effluent.

This allows the re-utilisation of process water and reduces fresh water consumption.
However, membrane fouling limits the application and use of UF and, currently, this
treatment technology can only be used to filter paper mill effluentthat has been pre-
treated and meets discharge standards (Puro et al., 2011a). DCS mightplay a number of
different roles in membrane fouling. Colloidal substances larger than the pores cannot
pass through the membrane and they will be deposited on the membrane surface
blocking the pores. Dissolved substances that are smaller than the membrane pore-size
are adsorbed within the pores and/or deposited within the membrane, shrinking the pore
diameter andincreasingmembraneresistance. In addition, once pores are blocked, other
DCS can form a cake on top of the membrane, adding additional resistance via another

porous layer covering the membrane (Catrroll et al., 2000; Sanaei and Cummings, 2017).
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According to research performed by Chen et al. (2015), reversible membrane fouling
during ultrafiltration accounted for 85.52% of total fouling. It primarily originated from
retention aids, drainage aids, polyacrylamide and wet strength resins. While irreversible
adsorptive fouling accounted for 14.48% and mostly came from sizing agents, coating
chemicals (oxidants for polyester or resin and polyester or resin surface sizing agents)
andother sources. Moreover, the presence of dissolved multivalentmetal ions, especially
Ca?*, accelerated membrane fouling (Puro et al., 2002). Some research aimed at
reducing biofilm formation has demonstrated that bacterial cells (Pseudomonas
fluorescens) on cellulose fibres can affect retention (Pereira et al., 2001). Bajpai, (2015)
studied the types of microorganisms encountered in the papermaking process that can
contribute to fouling. It was found they include aerobic spore-forming bacteria (Bacillus),
aerobic non-sporulating bacteria (e.g. Acinetobacter and Alcaligenes) and anaerobic

bacteria (e.g. Desulfovibrio).

Membrane and operating conditions selection are important in minimizing membrane
fouling. Being that, fouling in filtration membranes results in a sharp decline in permeate
flux, membrane cleaning, increase in maintenance costs and, thus, changes in
membranes selectivity (Gonder et al., 2012; Kamali and Khodaparast, 2015; Manttari et
al., 1997). A review of the literature revealed that an increasing number of studies are
being conducted using design of experiments (DOEsS) approaches in the membrane
technology field to optimize operating conditions (Gonder et al., 2012; Hesampour et al.,
2008; Khaire and Gogate, 2020; Pourjafar et al., 2013; Reyhani et al., 2015, 2015;
Rezvanpour et al., 2009; Salahi et al., 2010). It is worth mentioning thatthis approach is
becoming popular because it is easy to adopt and applies an efficient method for

optimizing the process parameters.

In addiction, to efficiently control membrane fouling in the ultrafiltration (UF) process, itis
important to understand which components in the effluent play a major role in membrane
fouling. Thus, 3D fluorescence excitation—emission matrix (3DEEM) and conventional
technics can, therefore, be used as a powerful technique for the identification and
characterization of the foulants on a membrane from a paper mill treated effluent (Chen
et al., 2015a, 2003b; Puro et al., 2002a, 2010). It can also contribute with information to
establish strategies for process optimization in order to prevent and eliminate this
undesirable phenomenon (Peiris et al., 2010; Peldszuset al., 2011a; Yu et al., 2014; Z.
Wang et al., 2009).
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An ultrafiltration process for the removal of dissolved and colloidal substances from a
paper mill effluent for reuse in the manufacturing was studied in this research. The
removal efficiency, process performance and membrane fouling was analyzed based on
optimization of the operating conditions via statistical experimental design by Taguchi
methodology, analysis of fouling mechanism and permeate flux decline, besides to use
3DEEM and conventional technicsforunderstand the chemical composition and possible

origins of membrane foulants.
1.2 Motivation for work

Several conventional treatment methods have been used to treat the wastewater from
different paper mills, but, in some cases, the conventional methods are insufficient to
comply with the most stringentenvironmental regulations on effluentquality and/orfor the
process water to be reused in papermaking (Shankar et al., 2014). Factories, therefore,
must improve their treatment plants if they are to achieve the pollutant loadings

permissible under currentregulations and/or reuse their process water.

Faced with the necessity for process optimization, membrane separation technology has
attracted increasing attention as a tertiary treatment for biologically treated effluents from
paper mills, particularly as it facilitates subsequenteffluentrecycling (Chen etal., 2015a;
Puro et al., 2010; Zaidi et al., 1992). However, membrane fouling continues to be one of
the main limitations and challenges to the wider-scale application and use of membrane
technologyin paper mill effluenttreatment (Beril Gonder etal., 2011; Saranya etal., 2019;
Xu et al., 2019). The membrane fouling is a complex phenomenon and is affected by
several factors, such as feed solution, operational conditions of the process and
membrane characteristics (Mulder, 1996), besides to increase the operational cost as a
result of the decrease in the permeate flux and Transmembrane pressure (TMP) to

membrane fouling resistances (Wang et al., 2008).

Thus, to efficiently control membrane fouling in the ultrafiltration (UF) process, it is
important to understand which components in the effluent play a major role in membrane
fouling. In pulp and paper mill effluent, dissolved and colloidal substances (DCS) have
been considered to be the major membrane foulants (Chen et al., 2015a; Hubbe et al.,
2012; Puroetal., 2002a), comprised of protein-like, polysaccharide-like compounds, fatty
acids, resin acids and presence of inorganic foulants such as metal ions and especially
Ca?* (Singh and Chandra, 2019).
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Previous studies on membrane filtration of paper mill wastewater have focused on the
permeate flux and quality. The effect of operating conditions on process performance,
and the investigation of chemical composition and possible origins of UF membrane
foulants have received little attention. Therefore, in this study the performances of
membrane technology such as ultrafiltration (UF) were tested in pilot plants, in order to
optimize the separation process. Theoretical modeling, different membrane molecular
weightcut — off (MWCO), differentoperating conditions and module systems (dead-end
and cross-flow) were tested to increase membrane productivity and to assure a chemical
purification suitable for water recycling and environmental rregulations in the paper
manufacturing process. In addiction, this research have the aim to provide more detailed
understanding of the membrane fouling behavior during the UF process for the removal
of the DCS come from a paper mill secondary effluent

1.3 Goal and research objectives

As previously commented UF is an attractive process for paper mill wastewater treatment
and it can be used as an advanced tertiary treatment to remove suspended solids and
DCS during the treatment of paper industry effluentin order to facilitate the reuse of the
treated wastewater and reduce fresh water consumption. However, membrane fouling is
still a limiting factor for the adoption and use of UF on a large scale in paper manufacturing
applications. Through that limitation and challenge, this research was focused on
studyingtheinfluence of differentoperating conditions on membrane fouling behaviorand
characterization, in an ultrafiltration processes with polyethersulfone (PES) membranes
used to remove colloids and dissolved matter from a paper mill treated effluent for reuse

in recycled paper manufacturing.
The main objectives of thisresearch were can be summarized as follows:

1. To determinate the effectof operating conditionssuch astransmembrane pressure
(TMP), cross-flow velocity (CFV), temperature and molecular weight cut-off
(MWCO) on the average permeate flux, COD rejection rate and cumulative flux
decline (SFD), in addition to determining the optimum conditions for the given sets
of values andto find the bestresponse parameters by using Taguchi experimental

design and the utility concept.

2. To study the fouling behavior, especially on the effects of dissolved and colloidal

substances on membrane fouling mechanisms using the pore blocking model for
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tangential filtration adapted from Hermia's dead-end filtration laws, combined pore
blockage-cake filtration model, constantpressure filtration and resistance-in-series

model.

3. To understand the chemical composition and possible origins of UF membrane
foulants with technics such as chemical analysis, field scanning electron
microscopy (FESEM), SEM-energy-dispersive spectrophotometry (EDS),
attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy
and 3D fluorescence excitation—emission matrix (3DEEM) in the remove colloids
and dissolved matter from a paper mill treated effluent (PMTE). Resistance-in-
series and Hermia’s model were also used to analyze the predominant fouling

mechanism takes place on each membrane and how it affects the permeate flux.
14 Outline (structure) of this study

This thesis has been structured into seven chapters as described below:

Chapter 1 is a general introduction on the background of the study, research motivation,
and the needs to provide more detailed understanding of the membrane fouling behavior
during the UF process for the removal of DCS from a paper mill secondary effluent

Additionally, this chapter also includes research goal and objectives of the study.

Chapter 2 is a review of the perspective and challenges for the pulp and paper mill
manufacturing, effluent characteristics and wastewater treatment in paper industry. Also
includes membrane filtration fundamentals, mathematical models for membrane fouling
analysis and methodologies and technics to membrane foulants characterization and

identification.

Chapter 3 thischapter describes the development of the materials and methods common
for the filtration set-up, membrane fouling experiments and, general analytical methods
and technics to foulants identification. Much of the study contained into this thesis, more
specific materials and methods can be found within the each individual chapter.

Chapter 4 describes how to find optimal operating conditions of four controlling
parameters, i.e. transmembrane pressure (TMP), cross-flow velocity (CFV), temperature
and molecular weight cut-off (MWCO) for maximizing the average permeate flux (/) and
chemical oxygen demand (COD) rejection, and minimizing the cumulative flux decline

(SFD) using Taguchimethod and utility conceptfor a cross-flow UF process in pilot scale.

10
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Chapter 5 the approach has been to examine and model the decline in permeate flux
resulting frommembrane fouled by DCS. UF experiments were carried outin a laboratory -
scale plantusing a 10 kDa PES UF membrane in a flat sheet module. TMP (1-3 bar) and
crossflow rate (1.5-4.5 L/min) were varied during the experiments, at constant
temperature (22 +0.5 °C). The results from UF tests were expressed in terms of permeate
flux (Jp) as a function of time to check modified Hermia’s models adapted to crossflow

filtration and cake formation in constant-pressure filtration.

Chapter 6 describes the Identification, characterization and possible origins of UF
membrane fouling used to remove DCS from a PMTE. Techniques such as chemical
analysis, FESEM, SEM-EDS, ATR-FTIR and 3DEEM analysis were applied to
understand which fraction of the foulants caused the reversible and irreversible fouling.

The proof was performed at laboratory in dead-end UF.

Chapter 7 provides a summary of conclusions and future work recommendations.

11
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2.1 Pulp-and-paper mill manufacturing

The pulp and paper (P&P) industry is ranked as the world’s third largest consumer of
fresh water (Rajkumar, 2016; Sevimli, 2005) and an important producer of wastewater
and differentorganicandinorganic contaminants (Mandeep et al., 2020). Althoughthe
water consumed in the paper mill industry has been reduced in the last decade, its
requires huge amount, evaluated in the range of (~50 — 60 m?3 of water to produce 1
ton of paper) of paper produced (Pizzichini et al., 2005; Ram et al., 2020). Moreover,
High fresh water consumption and the accumulation of contaminants during the paper
manufacturing process contribute to the large volume of effluent from paper mills (Haq
and Raj, 2020).

Paper and cardboard manufacturing are produced from virgin or recovered fibers
(RCF) as raw materials. Chemical and mechanical techniques (chemical pulping (CP),
chemo-mechanical pulping (CMP), and chemical thermo-mechanical pulping (CTMP),
or a combination of them can be used to pulp producing processes from virgin raw
materials (Kamaliand Khodaparast, 2015a), whereasrecovered pulpis produced from
RCF processes such as waste papers (mixed office waste, old news print and, old

cardboard and corrugated container).

Process manufacturing of pulp and papermaking comprises a series of stages,

generally divided into three steps:

e Pulp making;
e Pulp processing (pasta preparation) and ;

e Paper-making.

All of theses processes are consumers of fresh water and producer of a large amount
of wastewater with special characteristics and contaminants. Therefore, in order to a
better understand all the problems suffered by the paper industry, regarding to the
effluent contaminants, it is essential to know the pulp and paper manufacturing

process. Figure 2-1 shows a schematic diagram of the paper production process.
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Figure 2-1 - Schematic illustration of the pulp and paper process.

2.1.1 Pulpmaking

Manufacturing of pulp starts with raw material or RCF preparation. Therefore, pulping

is the process used to separate lignin and hemicelluloses from cellulose, it is to say,

separate differentfibres in the wood used for making paper (Hendriks, 2007). In the

case that wood (virgin fiber) is used as raw materials, the wood pieces are cooked at

high temperature and under high pressure. Mechanical, chemical and chemi-

mechanical techniques such as, mechanical pulping (MP), thermo-mechanical pulping

22



2 Chapter: Literature Review

(TMP), kraft (sulfate) and sulfite processes and, chemical thermo-mechanical pulping
(CTMP) can be employs for the pulp making for paper and cardboard production (Avsar
and Demirer, 2008).

Moreover, pulping processappliedin paper production from RCF recyclingis generally
usedto convert mixed waste paper into the recovered fibers dispersed in water and to
prepare them for removes the ink particles from cellulose fibersand responsible for the
removal of large particles with high and medium density (Kamali and Khodaparast,
2015a).

2.1.2 Pulpprocessing

After pulp making, pulpis processed to remove impurities by screening, defiberingand
deknotting, besides to recycles any residual cooking liquor via pulp washing process
(Bajpai, 2012). An efficientwashingis critical to maximize return of cooking liquor to
chemical recovery and to minimize carryover of cooking liquor into the bleach plant,

because excess cooking liquorincreases consumption of bleaching chemicals.

Moreover, before pulp can be made into paper, the pulp is prepared for the paper
machine this step including the blending of different pulps, dilution, refining and the
addition of chemical additives. Another important step for pulp processing is called
stock preparation (fiber disintegration, blending of fiber, cleaning, fiber modification,
and storage and mixing) conducted to convert raw stock into furnish for the paper

machine essential to determine the properties of the paper — making.

2.1.3 Paper-making

The final stage of paper manufacturing is the paper-making, in which the processed
pulp is combined with some materials including dyes, resins, fillers such as clay,
titanium dioxide, calcium carbonate, and sizing agents like rosin and starch, to form

the paper (Kamali and Khodaparast, 2015a).

Paper consists of a web of pulp fibers, usually formed from an aqueous slurry
(approximately 99.5% water and approximately 0.5% pulp fiber) on a wire or screen,
and held together by hydrogen bonding. The paper machine involves either distinct
sections. The steps are: forming (applying the pulp slurry to a screen), draining
(allowing water to drain by means of a force such as gravity or a pressure difference

developed by a water column), pressing (further dewatering by squeezing water from
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the sheet), and drying (air drying or drying of the sheet over a hot surface) (Bajpai,
2015, 2012; Verband Papierfabriken, 2017).

Atthe end of the paper machine, paper continuesontoa reel for windingto the desired
roll diameter. The machine tender cuts the paper at this diameter and immediately
starts a new reel with the additional paper falling as an endless web (Ashrafi et al.,
2015). Paperboard and Corrugated board are made in a similar way to paper but is
thicker to protect materials or products (foods) from mechanicaldamage. The both has
an outer and an inner lining of kraft paper (made from at least 80% sulfate pulp) with a
central corrugating (or fluting) material. This is made by softening kraftpaperboard with

steam and passing it over corrugating rollers (Kirwan, 2011).

It is worth mentioning, this study is focus on a recycling paper and corrugated

cardboard manufacturing produced by recovered fibers from recycled papers.
2.2 Effluent characteristics from Paperindustry

P&P manufacturing generally produce a large amount of effluents that contain various
organic and inorganics amounts of pollutants (Kamali et al., 2016; Ram et al., 2020).
The characteristics of the generated effluents are mainly affected by the degree of
contamination and characteristics of raw material, the additives that are used for
dispersing the fibers, removing ink, and bleaching, and bleaching percentage of virgin
pulp or RCFs usedin paper making, the chemicals used on process, degree of water
conservation and percentage of water reuse (ElSergany et al., 2015; Kamali et al.,
2016; Miranda Carrefio et al., 2009; Monte et al., 2009; Muhamad et al., 2012).

This effluent contains a high biodegradable organic matter loading such as chemical
oxygen demand (COD), biochemical oxygen demand (BOD), absorbable organic
halides (AOX), and high concentrations of total suspended solids and floating matters
(Ashrafi et al., 2015; Hubbe et al., 2016; Nuortila-Jokinen, 2000; Nuortila-Jokinen et
al., 2004), besides of significant quantities of fibre (losses with effluent 0.5-5% of total
fibre amount), filler, fines, color and VOCs and other wet-end additives (Pokhrel and
Viraraghavan, 2004).

Another specific pollutantin paper mill effluentis the considerable accumulation of
DCS such as resins and fatty acids, residual lignin, hemicelluloses and electrolytes
(especially Ca?* and Mg?*) presents in pulp suspension and white water (Chen et al.,
2015a; Hubbe et al., 2012; Ordoiiez et al., 2010; Yuan et al., 2011). The DCS can be
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defined as the sum of the organic matter, polyelectrolytes, other dissolved material,
and suspended particles (less than 1um) presentin process water or paper mill effluent
(Chen et al., 2015a), mainly come from fiber extractives (virgin fiber or RCF) and the
chemical additives during paper manufacturing process. Furthermore, it was reported
by Chen etal. (2015) thatthe multivalentmetal ions, especially Ca?*, can easily disturb
the stability of DCS via a Ca-DCS complex and aggregate formation, causing serious
affects on the papermaking operations, effluentreutilization and quality of the resulting
paper products. The pollutants at various stages of the pulping and paper making
process are presented in Figure 2-1.

2.3 Wastewater treatment in paper industry

Several physical, chemical, biological and integrated treatment processes for paper
mill effluent have been widely applied to comply with the stringent environmental
regulations, improve the quality of the effluents and consequently water reuse. The
treatments including coagulation and flocculation (Ahmad etal., 2008), sedimentation
(Bhattacharjee et al.,, 2007), adsorption (Temmink and Grolle, 2005), advanced
oxidation (Catalkaya and Kargi, 2008; Pérez et al., 2002), Ozonation (Manttari et al.,
1997), membrane filtration (G6nder et al., 2012; Liua et al., 2004; Nuortila-Jokinen et
al., 2004; Puro et al., 2010; Zaidi et al., 1992), activated sludge (Assalin et al., 2009;
Diez et al., 2002) and upflow anaerobicfilter (Ali et al., 2013; Arshad et al., 2011).

The classical wastewater treatment plant (WWTP) in paper factories are composed for
primary treatment (pre-treatment) followed by biological (secondary) and tertiary
treatment, respectively (Gupta and Gupta, 2019; Kamali and Khodaparast, 2015a). A
simplified process flowsheet of the WWTP used for the paper mill effluentis shown in

Figure 2-2. Effluenttreatment plant consists of:

e Primary treatment in WWTP on the paper factory could have a positive impact
to remove fibers and suspended solids from the effluent (Xu et al., 2019),
generally this task use sedimentation or floatation tank (based on a physical
removal of solids)

e Biological (secondary) treatment unit (aerobic and/or anaerobic processes) to
remove organic contaminants (dissolved and colloidal compounds) in

wastewaters and;
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e Tertiary treatment used for effluent polishing and elimination of more advanced
constituents, in order to produce water of a quality suitable for recycling to mill

processes.

Pre
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Figure 2-2 - Typical layout of paper mill effluent treatment plant (Thompson et al., 2001).

2.3.1 Primary / physical treatment

The primary treatment process includes either sedimentation or floatation. According
previous studies carried out by ElSergany et al. (2015) in paper mill effluenttreatment
the sedimentation process is much preferred over the floatation which give a high
percentage of suspended solids removal. Saunamaki. (1997) and Thompson et
al.(2001) reported the possibility of removing 80% of suspended matters from
wastewater by sedimentation. (Bhattacharjee et al., 2007) used sedimentation
combined with adsorption and ultra-filtration for the treatment of Kraft black liquorand
achieved 60% and 87% total solid removal, respectively. In addction, it is woth
metioning that chemicals such as alum or polymer may be added to enhance the

sedimentation process (ElSergany et al., 2015).
2.3.2 Secondary treatment

As paper mill effluents are biodegradable organic matter, expressed as chemical and
biological oxygen demands (COD/BOD) ratios between 2 and 2.5, they can be
removed by biological treatment (Kamali and Khodaparast, 2015a; Thompson et al.,
2001), however,the amountof organic matter sometimes is so high thata conventional
biological reactors (normally consists of an activated sludge process or anaerobic

digestion)is limited. Therefore, a possible way to overcome the problem consistsin a
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combination of both biological stages (aerobic and anaerobic), starting with an

anaerobic treatment and finishing with an aerobic process (Thompson et al., 2001).
2.3.2.1 Aerobic Treatment

Aerobic microorganisms require oxygen to support their metabolic activity and the
oxygen is supplied in the form of air by aeration equipment, being that one of the main
objectives of aerated biological treatment s to reduce the COD and BOD levels of the
treated wastewater. Therefore, several aerobic treatment processes are generally
appliedto treat paper mill wastewater (due their ease of operation, relatively low capital
and operating costs (Ashrafi et al., 2015), such as aerated lagoons or aerated
stabilization basins (ASB), Submerged membrane bioreactors (sMBR), activated
carbon biofilmreactor (ACBR), sequencing batch reactor (SBR) and activated sludge
(AS). Table 2-1, shows the removal efficiency of different types of aerobic treatment

processes applied in pulp-and-paper wastewaters.

Moreover, in the recently reviewed carried out by Kamali and Khodaparast. (2015a)
shows that conventional and modified forms of AS process has been the major
treatment method for paper mill effluents, due the economic considerations and
efficiency toreduce the COD, BOD, and AOX (Hubbe et al., 2016).

Assalin et al. (2009) used AS to remove COD, TOC, total phenols and color from kraft
effluentin a paper mill, the removal efficiency obtainedwere 75.5, 59.1, 77 and 52.3%,
respectively. Thompson and Forster. (2003) used AS to remove COD from different
pulp-and-paper wastewaters in a laboratory-scale plant. The basic principle of the

active sludge can be seen in Figure 2-3.

Organic Air —Provides Oxygen and Mixing

Load, F:M

v /
Secondary /| Secondary effluent>
Clarifier

Return Activated Sludge (RAS)l

Waste Activated Sludge
MLSS — Mixed liquor suspended solids (WAS)

Figure 2-3 - Basic principle of the active sludge process.
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Table 2-1- Removal efficiency of different aerobic treatment processes applied in pulp-and-

paper wastewaters. Adopted from (Ashrafiet al., 2015).

Treatment Wastewater Contaminants removal efficiency (%) References
process generated
COD BODs Color Other compounds
AS Paper mill  75.5 - 77 59.1 (TOC), 52.3 (total ~ (Assalin et al.,
phenols) 2009)
Kraft pulp 60 90 40 36 (Tannin and Lignin) (Diez et al.,
mil 2002)
P&P mill 95 98 97.5 97 (TSS) (Ghoreishi and
Haghighi, 2007)
Kraft pulp 60 98 211 (11.1) total phenolic (Xavier et al.,
mill 2011)
MBR Paper mill 98 - - 92.99 (NHs-N), 96.36 (Erkan and
(Total phosphorus), Engin, 2017)
SMP (66.2)
Paper mill 92 > 98 - 84 (Ammonia), >99 (Zhang et al.,
(TSS) 2009)
Aerated Paper mill 385  40.7 - 66.1% (SS) (Fathallah et al.,
lagoons 2014)
P&P mill 60— 97 > 95 (50) AOX, 85 (Pokhrel and
70 (chlorinated phenolics) ~ Viraraghavan,
2004)
P&P mill 67 90 - - (Bryant, 2010)
SBR P&P mill 84 83 - 85 (TDS), 88 (TSS) (Kumar R and
K, 2014)
AGS P&P mill 79 - - 56 (tannin/lignin) (Vashi etal.,
2019)

+ Total phosphorus (TP)
+ Soluble microbial products (SMP)
« Suspended solids (SS)

In Figure 2-3 the wastewater is treated in two steps: aeration and sedimentation. In the

first step, wastewater is treated with a high concentration of microorganism and a

powerful aeration, and the retention time can vary between a couple of hours and up

to a day. In the second step water and sludge is separated in a sedimentation basin

and parts of the sludge is pumped back to the aeration basin. The recirculation of

sludge enables a high concentration of microorganisms which is of importance for

extensive reduction in organic material.
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The removal of biodegradable organic substances, both soluble and finely dispersed
is accomplished by biological oxidation with the help of a microbial consortium. The
ecology of microbial species, in activated sludge process is having the significantrole
in the bio-oxidation and subsequentclarification. The activated sludge process works
well as long as the consortia of microorganisms, typically termed as sludge, grows in
a healthy way, and settles and compacts in the secondary settling tank. Nevertheless,
single conventional aerobic methods such as active sludge are not effective in
degradation of the compounds such as dissolved lignin, unsaturated fatty and resin
acids mainly because of their size and complex structure, and therefore, a possible
way to overcome the problem consists in a combination of aerobic processes with

physicochemical and anaerobic methods (Thompson et al., 2001).
2.3.2.2 Anaerobic Treatment

Anaerobic treatment is a treatment without presence of oxygen and has proven to be
a stable process for treatment of high strength wastewaters. Effluents originated from
recycled paper mill are often treated anaerobic, although, thistechnology is not used
as widely as the aerobic treatments in the pulp and paper industry (Subashini, 2015).
One of the major problems with implementation of anaerobic treatment for paper mill
effluentsis the potential for hydrogen sulphide formation, since sulphateiswidelyused
as active cooking chemical in many pulp and paper mills. Another importantissue with
an anaerobicprocess is its sensitivity of anaerobic bacteria to toxic compounds present
in the wastewater (Thompson et al., 2001). However, anaerobic treatment has many
advantages over aerobic treatment such as low energy input, produce less amount of
sludge, comparatively fewer nutrients are requiring, lowerchemical consumption, small
environmental footprintand energy production in the form of biogas (Chen etal., 2003;
Nilsson, 2007; Persson, 2011) .

There are several different types of digestion system for anaerobic degradation of
pepper mill effluent such as upflow anaerobic sludge blanket (UASB), up-flow
anaerobicfilter (UAF), anaerobic membrane bioreactor (AnMBR), fluidized-bed reactor
(FBR), anaerobic baffled reactors (ABR), Anaerobic sequencing batch biofilm reactor
(AnSBBR) and anaerobic lagoon (Ashrafi et al., 2015; Bajpai, 2000; Cai et al., 2019;
Hubbeet al., 2016; Thompson et al., 2001; Zwain etal., 2013). Table 2-2, presents the
removal efficiency of differenttypes of anaerobic treatment processes applied in pulp-

and-paper wastewaters.
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Table 2-2 - Removal efficiency of differentanaerobic treatment processes applied in pulp-and-

paper wastewaters. Adopted from (Ashrafi et al., 2015).

Treatment  Wastewater Contaminants removal efficiency (%) References
process generated
COD BODs Color Other
compounds
Kraft pulp mill 76 - - - (Buzzini et al.,
2005).
Paper mill 88 - - 72 (AOX) (Arshad et al.,
2011)
UASB Bleaching 57 - - 55 (TOC), 31 (Alietal.,
effluent (Lignin) 2010).
Paper mill 70 90 - 71-99.7 (Mahadevaswa
(chlorinated my et al.,
organics) 2004).
Recycled 85 75.5 - 51.2 (MLVSS) (Hassana et al.,
paper mill 2014).
Recycled 71 71 - 32 (volatile fatty (Zwain et al.,
ABR paper mill acids) 2013).
Paper mill 88 - 95 67 (AOX), 86 (Singh and
(Lignin), 63 Thakur, 2006).
(Phenol)
SBBR Recycled 39-81 - - 82-100 (Muhamad et
paper mill (Pentachlorophen) al., 2011).
Bleaching 50 70 - 50 (AOX) (Ashrafi et al.,
effluent 2015).
UAF
Cardboard 46.6 - - - (Sopajaree and
Teeratitayangk
ul, 2013).

However, the preferred type of anaerobic processes used in paper mill industry is the
UASB (M6bius and Helble, 2004). Chen and Horan. (1998) studied a UASB reactor to
treat newsprintpaper mill wastewater to remove COD and sulfite, their achieved 66%
and 73% removal efficiency, respectively. Arshad et al. (2011) used a UASB reactor to
assess feasibility of treatment of paper mill effluent,and was observed the COD and

organichalidesremoval efficiency between 64% - 88% and 47% - 72%%, respectively.
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Buzzini and Pires. (2007) applied a UASB reactor to treat both bleached and
unbleachedKraftmill wastewaters. Their observed higherremoval efficiencies of COD
and chlorinated organics between 79% - 82% and 71% - 99%, respectively.
NyanchagaandElkanzi.(2003) investigated the characteristic strength and treatability
of a recycled paper mill wastewater in Nairobi, Kenyaina UASB reactor, and achieved
about 63 % COD removal. Among the UASB systems the preferred type applied for
the treatment of paper mill effluents are IC (internal Circulation) and BIOBED - EGSB

rectors (see Figure 2-4 and Figure 2-5).
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Figure 2-4 - IC (anaerobic reactor @ Paques) for treatment of papermill effluent.
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Figure 2-5 - Biobed EGSB anaerobic reactor (@Veolia Water Technologies) for treatment of
paper mill effluent.
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The anaerobic reactor process involves biological degradation of organic compounds
into different end products including methane (50 - 75%), carbon dioxide (25 50%),
hydrogen (5 10%) and nitrogen (1 2%) (Kamali et al., 2016), by a consortia of anaerobic
bacteria (Yuan etal., 2012). The process offers several advantages and disadvantages
over other treatment method. A well managed anaerobicreactor system has the ability
to produce maximum CHa4 production, and will not discharge any gases to the
atmosphere. This system will also provide a source of energy with no netincrease in
atmospheric carbon which contributesto climate change. Energy generated through

the anaerobic digestion process can help reduce the demand for fossil fuels

Advanced oxidation processes (AOPs) have been successfully used to bleach the
black effluents from the production of kraft pulp and white paper in substitution of
chlorine (Pérez et al., 2002).

2.3.3 Tertiary treatment

The effluent from biological treatment can be tertiary treated for further removal of
color, suspended solids, COD and DCS in order to produce a clear effluent and
recycling the process water (Nuortila-Jokinen et al., 2004). Process units such as
ultrafiltration, adsoprtion, ozonation, activated carbon filter, coagulation,
electrocoagulation, electroflotation, dissolved air flotation, photon-fenton and wet-
oxidation are also used to achive maximum treatability performance, to polish the
quality of the effluentbefore its final disposal, to reduce the toxicant concentration in
the effluent, to recycling into the process and accordance to the available legislations
(Ali et al., 2013). However, few applications of tertiary treatment processes are used

in paper mills due their associated high cost (Ashrafi et al., 2015).
2.4 Membrane filtration fundamentals

Membrane filtration is a sophisticated unit operations (separation process) by a
physical barrier that either completely rejects or reduces the flux of a given compound
so that it may be separated from the rest of the feed stream (Sogaard, 2014). In recent
years membrane separation has been widely used in several industrial applications
such as water purification, chemical, biotechnological,pharmaceutical and food to
removal of bacteria, microorganisms, colloids, dissolved and natural organic material,
which can impart color, tastes, and odors to water and react with disinfectants to form

disinfection byproducts. The particles to be separated are usually large compared to
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the pore size characteristic of the membrane (Sahai, 2000), and the separation is
based on exclusion discrimination by physical size, charge or affinity ora combination
of these properties. Figure 2-6 describes a situation in which a feed stream is forced
through a semipermeable membrane to create a filtrate with a reduced concentration
of solutes by size exclusion,where only particles smaller than the membrane pores
through the membrane.

Membrane

‘ Particle or Solute
molecule

@ Solvent

Figure 2-6 - membrane separation by size exclusion.
As mentioned previously, the primary effect governing membrane filtration is size
exclusion, and membranes are currently available into four main groups reverse
osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF)
membranes, which are classified according to the nominal size of the pore (Percival et
al., 2013). Alltheses four types of membranes are in the same category based on their
applied driving force (pressure difference through the membrane). The range of

membrane filtration processes is summarized in Table 2-3 and Figure 2-7.

Reverse Osmosis, are typically applied for desalination, specific contaminants removal
such as nitrates, arsenic, pesticides, radionuclides, water reuse, and ultra pure water
production.Reverse osmosis membrane has a pore diameter less than 0.001 pm (non-
porous membrane) and it is been designed to retain the salts, sugars and low

molecular weightcompounds.
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Nanofiltration is a porous membrane, with a pore diameter ranges from 0.001 pm to
0.01 ym (nominally 5 nanometer), and is applied for removal for removal of the
multivalentions fromwater (i.e. removal of Ca?* and Mg?*), heavy metals and dissolved

organic matter removal.

A typical Ultrafiltration membrane, has a nominally pore diameters between 0.01 ym
to 0.1 um. However, UF membranes are typically categorized based on their molecular
weightcut off (MWCO) rather in terms of particular pore size (Scott, 1995). MWCO is
defined on the basis of 90% rejection of a solute with a particular molecular weight. UF
membranes can be applied for different applications such as viruses and colloid
removal, clarifyingjuice, and beer, for removal of microorganisms, protozoa, bacteria,
suspendedsolidsand collidsin watertreatment (Figoliand Criscuoli,2017; Pendergast
and Hoek, 2011).

Microfiltration membrane has a pore diameter size ranges from 0.1 to 1.0 ym
(nominally 0.1 ym), is often placed prior to other membranes (UF, NF, RO) to retain

small particles, and it’'s been designed for clarification of water and wastewater.

Table 2-3 -Classification of membrane Mulder processes with pore size and pressure-drive
(adapted from Mulder, 1996).

Membrane  Separation Pore Size MWCO  Operating Rejected species
process principle (nm) (Da) pressure
(bar)
MF Size 100-1000 - 0.1-2 Bacteria, cysts,
spores and
polymers
Proteins,viruses,
UF Size, charge 10-100 >1000 0.1-3 endotoxins,
pyrogens and
colloids
NF Size, charge, 1-10 200 - 1000 4-20 Sugars, pesticides
affinity and micropollutant
removal
RO Size, charge, 0.1-1 < 200 10-60 Salts, sugars and
affinity low molecular

weight compounds
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Figure 2-7 - Spectrum of membrane filtration. Addapted from Graff, 2012).

2.4.1 Ultrafiltration membrane process

As mentioned above, ultrafiltration is a size-exclusion process based on pressure
driven membrane separation. UF membrane is capable of retaining chemical species
with a molecular weightfrom 1.000 to 100.000 Daltons. A UF membrane is a thin layer
of semi-permeable material made of at least three layers (active or selective,
intermediate and support layer, respectively) (see Figure 2-8) , the active layer is
capable of separating substances as a function of their chemical and physical
proprieties when a driving force such as pressure is applied across the membrane,

while the support layer provides the mechanical strength needed (Norafifah et al.,

2015).
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Figure 2-8 - PES composite membrane used in UF- (a) Scheme - (b) FESEM pictures
(magnification = 200 x, 100um, 799V) highlighting the 3 layers.
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Polymeric membranes are the most used separation media at industrial level, in
chemical, biomedical, food, and water and wastewater treatment fields, thanks to the
easy preparation techniques, high flexibility,and low cost than membranes constructed
of other materials (Figoli and Criscuoli, 2017), although other forms, including ceramic
and metallic membranes, may be available. The most commonly used commercial UF
membranes are composite by organic materials, and can be made of several polymer
types such as polyethersulfone (PES), polysulfone (PSU), polyvinyl pyrolidone (PVP),

polyvinylidene fluoride (PVDF), Polypropylene (PP) and cellulose (Figure 2-9) (Figoli
and Criscuoli, 2017; Lee et al., 2016).

CHy
[ \_E_\_/ D% %OO CH \ <
— 3 5

I / \ ﬂ T
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Figure 2-9 - Common commercial polymers used for production UF membranes.
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2.4.2 Comparison between Dead - end vs. cross-flow Ultrafiltration

In membrane process, there are two basics modes of operation: dead-end and
crossflow.

In dead-end operation also called direct filtration, the system have one feed flow
(influent) and one permeate (effluent) stream and are similar to conventional granular
media filters in terms of hydraulic configuration (Figure 2-10), it is to say, that all

solution is forced through the membrane.

(@)

Regulato Valve

Pressure gauce

/\ Manometer

-

U \_/ UF membrane
Nitrogen Feed Tank . o
Cylir?der eed fan Stirred Filtration Cel

Permeate

(b) Feed
5]
e Filter cake layer - increasing
o o © in thickness and flow
o

resistance.

Permeate

Figure 2-10 - Principle of dead - end filtration: (a) schematic diagram setup;
(b) separation mode.

In dead-end filtration, particles and solid suspended present in the feed stream
accumulate on the membrane surface and are held in place by hydraulic forces acting
perpendicularto the membrane, forming a quickly cake layer responsible to reduces

the flux rate through the membrane due to a increase in membrane resistance.
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However, the cake layer can be removed by reversing the flow and performing a

backwash, but this means that the production must be stopped.

Cross-flow filtration (CFF) also called tangential flow filtration (TFF) is a filtration
techniguein which the feedflow is tangentialy to the membrane surface,and is divided
into two streams: the solution with components larger than the membrane pores are
retained and pass alongthe membrane surface and, flowingbackto the feed reservoir
and recirculated in the process, it is called the retentate or concentrate .The solution

that passes through the membrane is the permeate.

In addiction, in CFF the increase in membrane resistance associated with the
membrane fouling is significantly reduced compared to dead-end filtration where the
feed flows perpendicular to the membrane. A schematic for cross-flow filtration is

shown in Figure 2-11.
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Figure 2-11 - Principle of cross flow filtration: (a) Schematic diagram of CFF system; (b)

separation process.
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Membrane for CFF may be classified according to filter configuration or membrane
pore size, there are two basic membrane filter configurations that usually
manufactured: as hollow fibers or as flat sheet cassettes and then formed into on of

several differenttypes of membrane modules, used in this system (Figure 2-12).
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Figure 2-12 - Configuration of a) hollow fiber cartridges and b) plate and flat sheet.
The driving force in CFF is the transmembrane pressure (TMP) which describes the
pressure drop across the membrane and is calculated as the pressure difference the
feed pressure (Pr) and the retentate pressure (Py), itis to say, at the inletand outlet of

the membrane model, respectively.

Pp + P. .
TMP = AP = - E, Equation 2-1
where P, is the permeate pressure.

The cross-flow velocity (CFV) through the membrane is directly proportional to the
volumetric flow rate (Q) and inversely proportional to the cross-sectional area (4,) of

the hollow fiber or flat-sheet module (cassette):

CFV = 2 Equation 2-2

AC
The rate at which permeate flows through the membrane is the permeate flux (/,)

(volume of permeate obtained per unit time and membrane area), and can be
gravimetrically measured at differenttime intervals, as described by Darcy’s Equation:
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1 dm, AP )
], = = Equation 2-3
P App dt Ry +Rp)

where,

Anm is the effective membrane area (m2);
m,, is the total mass of permeate (kg);

p is the volumetric mass density (kg. m-3);
t is the filtration time (s);

M is the filtrate viscosity (Pa.s);
R,, is the intrinsic membrane resistance (m!) and;

R; is the fouling resistance (m™?).
2.4.3 Membrane Fouling

A common problem duringthe membrane filtration processes, is membrane fouling.
Membrane fouling leads to increase of the operating costs due to the higher pressures
needed to maintain permeate flux, downtime needed for membrane cleaning and
membrane replacement (Beril Gonder et al., 2011; Gao et al., 2011; Safazadeh
Haghighi, 2011).

Membrane fouling is caused by precipitation, deposition or adsorption of the particles
and molecules contained in the feed stream on the membrane surface or in the

membrane pores. Membrane fouling is mainly attributed to (Khan et al., 2011):

e Deposition of suspended solids and colloids on membrane surface;
e Adsorption of solutes, colloids and dissolved material within membranes;
e Formation of cake layer on membrane surface;

e Growth and change (composition) of cake layer during long-term operation.

A schematic diagram of the various fouling mechanisms is presented in Figure 2-13.
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Figure 2-13 - A schematic diagram of the various fouling mechanisms on membrane.

As mentioning above, membrane fouling has a negative impact on filtration
performance as it decreases the permeate flux, increase the membrane resistances
and increases the TMP. Besides that, it can also change the membrane selectivity
(Mulder, 1996), reduced productivity and/or recovery of the desired product (Gonder
et al., 2012; Kamali and Khodaparast, 2015a; Manttari et al., 1997).

2.4.4 Internal and external fouling

Different approaches can be used to describe membrane fouling. For example,
depending on the location of the fouling with respect to the membrane, external and

internal membrane fouling can be distinguished.

External fouling refers to particle and suspended solids deposition or colloids and
dissolved material adsorption on the membrane surface. If the fouling species form a
deposit layer on the surface of the membrane, they constitute an additional resistance

to the flow of the permeate through the membrane.

During internal fouling colloids, dissolved material or other molecules adsorb to the
pore walls (within the membrane). This can cause pore restricting and pore blocking
and change the effective pore size of the membrane or the pore size distribution
(Stressmann, 2008). If pore blocking occurs, the membrane resistance to flow is

increased in addition to changing the pore size distribution of the membrane.
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2.4.5 Reversible andirreversible fouling

Another approach to describe fouling phenomenais to characterize the reversibility of
fouling. Traditionally fouling can be classified into two main categories, namely

reversible fouling and irreversible fouling (Khan etal., 2016).

The term reversible fouling refers to fouling that can be easily removed from the
membrane surface by physical means, such as rinsing or flushing, back-washing and
relaxation (Choi et al., 2005; Stressmann, 2008). Reversible fouling occurs due to
external deposition of material onto membrane surface (cake formation), dueto loosely
attached of the foulants it is easlily and mostly removed during filtration mechanical

cleaning or backwashing cycles.

On the other hand, irreversible fouling refers to fouling which can only be removed by
chemical cleaning. The attachment of the foulants on membrane is much stronger and
some occasions fouling occurs inside the membrane structure, that is to say, strong
cake layer and blockage of the internal membrane pore, from where the foulants are

more difficultto remove (Stressmann, 2008).
2.4.6 Prevention andreduction of membrane fouling

Many approaches have been studied to minimize membrane fouling, such as
pretreatment of water (Baek and Chang, 2009; Huang et al., 2009; Maartens et al.,
1999), backwashingthe membrane with or withoutapplying chemical agents (Li, 2011,
Sagiv and Semiat, 2010; Smith et al., 2006; Yigit et al., 2011), influence of operating
conditions (Crozes et al., 1993; Jarma et al., 2018; Norafifah et al., 2015; Qi et al.,
2011), membrane cleaning methods (hydraulic and chemical) (Beyer et al., 2017,
Hashaikeh et al., 2014; Singh and Hankins, 2016) and many other conventional and
no-conventional methods have been appliedindividually orin combinationsto enhance

membranes performances.

Pre-treatment is the first step to control the fouling and it can be really effective.
However, it is important to realize that the applied pre-treatment method depends on

the quality of the feed and also on membrane application.

Membrane cleaningis an essential step to keeping the permeate flux and selectivity of
a membrane process. Cleaningcan be defined as a process where material is relieved
of a substance which is not an integral part of the membrane material (Ebrahim and

El-Dessouky, 1994; Garcia-Fayos et al., 2012). There are several approaches to
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membrane cleaning but it could be broadly categorized into two types: physical and

chemical methods.
e Physical cleaning

Physical cleaning methods depend on mechanical forces to dislodge and remove

foulants fromthe membrane surface. Some of these mechanical treatmentsinclude:

Hydraulic cleaning (forward, reverse flushing and backwashing),relaxation and
redissolution of the foulantlayer, rinsing a moderate or high shear rates, vibration, air
sparging, CO2 back permeation (Al-Amoudi and Lovitt, 2007), automatic sponge ball
cleaning (Psoch and Schiewer, 2006), and non-conventional physical cleaning
methods such as ultrasonic cleaning (Lamminen et al., 2004; Muthukumaran et al.,

2005), electricalfields (Tarazaga et al., 2006) and magneticfields (Vedavyasan, 2001).
e Chemical cleaning

When normal mechanical and/or hydraulic forces are not sufficient to remove the
fouling layer on the membrane, chemical cleaning is used. This method is the most
common membrane cleaning, especially in UF membranes. The types of chemicals to
be used for chemical cleaning of fouled membrane depend mainly on the fouling and
foulants composition, and resistance of the membrane material to different chemical
agents (Chen etal., 2006).

Once the cause of membrane fouling is recognized, differentchemical agents can be
applied to remove the fouling materials and recover the membrane flux. The common
chemicalsusedin cleaning of UF membranes are categorized intofive groups: alkaline
solutions, acids, acid or alkaline metal chelating agents, surfactants, and enzymes
(Porcelliand Judd, 2010; Regulaetal., 2014).

The choice of chemical agents depends on the properties and composition of fouling
layer, besides the others conditions. Alkaline solutions (sodium hydroxide) remove
proteins and polysaccharides,the main foulantsin the secondary effluent (Racar etal.,
2017), while acids (chlorhydric and hydrofluoric) remove inorganic material (Li and
Elimelech, 2004; Racar et al., 2017; Regula et al., 2014).
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25 Mathematical models for membrane fouling analysis

Fouling in membrane separation is the key factor that challenges the technology
viability on ultrafiltration process. In ultrafiltration with polymeric membranes the
permeate flux over time decreases quickly from the initial value during the first stage
of filtration until a long and gradual decrease. Therefore, modeling of flux decline to
determine the fouling mechanism in UF of macromolecules, colloids and dissolved

substances is essential to predict, identify and control of membrane fouling.
2.5.1 Pore blocking mechanisms

The classical pore blocking mechanism model developed by Hermia. (1982) for
constantpressure dead-endfiltration isa function of the particles/solute size and shape
in relation to the membrane pore size distribution (de Barros et al., 2003), and
correspond to four basic types of mechanisms for membrane fouling: complete
blocking, intermediate blocking, standard blocking and cake layer formation. The
governing equation for the pore blocking mechanisms for constant flow rate in dead-
end filtration mode is given as shown in Equation 2-4 (Hermia, 1982) and the flux data
d?t dt

can be plotted as ~— VS.——:
dv dv

d?t dt\" i
— _—k (_) Equation 2-4
dv? av

where,

t is the filtration time (s);

V is the cumulative permeate volume (m3);

k is the resistance coefficient (phenomenological coefficient) depending on the

suspension properties and operating conditions, in addition to other parameters;
n is the filtration constant.

n is a dimensionless number that represents the fouling mode and is related to the
fouling mechanism index, with 2.0 used for complete blocking, 1.5 for standard
blocking, 1.0 for intermediate blocking, and O for cake filtration (Hermia, 1982). Figure
2-14 shows the fouling mechanisms considered by the four basic types of fouling

blocking laws.
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c) .

®

Figure 2-14 - Different fouling mechanisms happening in porous membranes (Hermia,
1982).

e Complete blocking

In the complete blocking model, it is assumed that each particle blocks an open pore
completely, as shown in Figure 2-14 (a). This type of fouling occurs when the size of
the solute molecules is greater than the size of membrane pores. Therefore, pore
blocking takes place on the membrane surface and not inside the membrane pores
(Vela et al., 2008).

¢ Intermediate blocking

As well as the complete blocking model, this model considers that, when a molecule
approaches an open membrane pore, the molecule blocks the pore. This model
assumes thattherate of pore blockingisproportional to the numberof open membrane
pores. Intermediate blocking occurs when the solute molecule size is similar to the
membrane pore size (Figure 2-14 (b)). Thus, some molecules can obstruct a

membrane pore entrance withoutblocking the pore completely (Vela et al., 2008).
e Standard blocking

The standard pore-blocking model considers that particles enter the membrane pores
and become deposited over the pore walls, as the particle diameter is considerably
smaller than the pore size (Mohammadi et al., 2003; Vela et al., 2008), as shown in

Figure 2-14 (c). Thus, the pore volume decreases proportionally to the filtrate volume
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per unit membrane area, consequently the filtrate rate under constant pressure

conditions decreases with decreasing pore size (Hermia, 1982).

e Cake filtration

This condition is similar to complete blocking. However, each solute molecule locates
on others that have already arrived and that are already blocking some pores as there
is no room to directly obstruct any membrane area(Fi eld et al., 1995; Jacob et al.,
1998), as shown in Figure 2-14 (d). The solute molecules do not enter the membrane
pores; they form a cake layer over the membrane surface (Vela et al., 2008). The filter
cake consisting of the particles deposited on the membrane surface gradually grows

as filtration continues.
2.5.1.1 Pore blocking models for dead-end filtration

For dead-endfiltration the Equation 2-5 can be written in an alternative form, as follows
(Yuan etal., 2002; Yuan and Zydney, 1999) :

1 _

v 74 Equation 2-5
d’t 1 d ( 1 )” Equation 2-6
v J,2A2dt T \A

where,
J, is the permeate flux (L.m2.h-D);
J, is the initial permeate flux (L.m2.h-2);
Ais the membrane surface (m?).

e Complete blocking filtration model (n=2)
For n = 2, the relationship between the permeate flux and the filtration time can be
obtained by Equation 2-7 (Hermia, 1982).

I, = Joexp (=K ,t) Equation 2-7

Therefore, decrease of the number of membrane pores leads the increase to filtration
resistance (Hwang and Lin, 2002). The parameter K_, can be expressed as a function

of the membrane surface blocked per unit of the total volume that permeates through
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the membrane,K,, and as afunction of the J,, according to Equation 2-8 (Bowen et al.,

1995).

K., = K4l Equation 2-8

Consequently, the active membrane surface decreases as a consequence of their

pores being completely blocked (de Barros et al., 2003).

where,

K

c

, IS the constant that corresponds to the complete blocking model in dead-end

filtration (s™1);

K, is the parameter that represents the membrane surface blocked per unit of the total

volume permeated through the membrane (m™1).
¢ Intermediate blocking model (n=1)

For n equalto 1, the permeate flux as a function of time is given by Equation 2-9:

Jo

=< Equation 2-9
(1+ JoK;pt) q

Jp

The parameter K;, can be expressed (Bowen et al., 1995) as a function of blocked

membrane surface per unitof the total volume that permeates through the membrane,
K,, (Equation 2-10).

Ky, = K, Equation 2-10
Besides that the membrane surface that is not blocked diminishes with time
(Koltuniewicz and Field, 1996; Wang and Tarabara, 2008).

where,

K.

L

p IS the constant that corresponds to the intermediate blocking model in dead-end

filtration (s™1);
e Standard blocking model (n=3/2)

For n = 3/2, the equation to describe the relationship between the filtrate volume and
filtration time, is the following (Vela et al., 2008):
Jo

]p = 2 E i
1 guation 2-11
(14572 Kopt)
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The parameter K, , is defined in Equation 2-12.
K
Ky, = —BA.]Ol/Z Equation 2-12
AO
It worth mentioning thatthe cross section of the membrane pores decreases with time.
where,

K

N

, 1S the constant that corresponds to the standard blocking model in dead-end
filtration (s™1);
Ky is the parameter that represents the decrease in the cross-sectional area of the

membrane pores per unitof the total volume permeated through the membrane (m™1).

e Cake filtration model (n=0)

Forn =0, The resulting equation in this case is:

1 .
I, =Jo(1+ Jo2 K t) /2 Equation 2-13

The parameter K, is given by Equation 2-14.

Equation 2-14

where,

K

[

filtration (sY);

, Is the constant that corresponds to the cake layer formation model in dead-end

K, is the parameter that represents the cake layer area per unit of the total volume

permeated through the membrane (m™1).
2.5.1.2 Pore blocking models adapted for cross-flow filtration

Hermia’s models adapted to crossflow filtration has been described for many
researchers to evaluate permeate flux decline in the membrane process (Brido and
Tavares, 2012; de Barros et al., 2003; Field et al., 1995; Jacob et al., 1998; Li, 2011;
VincentVelaetal., 2009; Yazdanshenasetal., 2010). The general form of the equation
used to derive the four fouling mechanisms in cross-flow filtration is shown in the
following equation.

aJ,

-—r= k(Jp = Jos)-Jp 2™ Equation 2-15

where,
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J. is the steady-state permeate flux (L.m2.h-!)and ;

K (depends of the pore blocking mechanism) and n (dimensionless) are a
phenomenological coefficientand a generalindex, respectively, both dependingon the

fouling mechanism.
e Complete blocking model for crossflow filtration (n = 2)

The equation from J, (¢) in terms of derivate can be written as (Field et al., 1995):

dJp (0]0) -
—P _ _ (=) +B Equation 2-16
dt 60 ]p ]0 aq
o Be
writing K, = i and Jo, = -2
€o o

The Equation 2-16 can be integrated to give a simple relationship by the permeate flux
andtime (Field et al., 1995; Hermia, 1982).

Jo(eby =Jss + Up = Jss). e Kevt Equation 2-17
where,
o is the blocking coefficient(m) (blocked area per unit of filtrate volume);

€, 1S the membrane surface porosity (clean membrane) and;

B is a constantrelated to the membrane porosity and rate of removal of particles per
unitarea (m1).
¢ Intermediate blocking model for crossflow filtration (n = 1)

For the cross-flow filtration, the rate of flux decline is given by Equation 2-18 (Field et
al., 1995; VincentVelaetal., 2009):

———FE G5/ —-B Equation 2-18
Jp dt J q

Where,
o is the same blocking coefficient described during derivation of the complete blocking
equation representing the blocked area per unit of volume filtered (m-1) and;

B'is the back flux factor.

Hence, writing J, = B’ and solving Equation 2-18 it can be obtained the relationship

between the permeate flux and the filtration time.
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]0.]55- eKib']SS't

— Equation 2-19
']p (IB) ]SS _l_]o(eKib.]SS.t — 1) q

The parameter K, is equal to the parameter K, in Equation 2-16 (VincentVela etal.,

2009).
e Standard blocking model for crossflow filtration (n = 3/2)
When internal pore blocking take places on membrane, fouling becomes independent

of cross-flow velocity and no steady-state permeate flux can be achieved,i.e. J = 0,

for long time operating (de Barros et al., 2003).

Therefore, the Equation 2-15 can are solved to show thatfouling of this type produces

a linear relationship between 1/] o5 and t as described in Equation 2-20 (Brido and
p

Tavares, 2012; de Barros et al., 2003; VincentVela et al., 2009).

KI
1/] (53)0.5 = 1/]00.5 + (75)/10'51: Equation 2-20
p
where,

K

b :(K?g) A%% is the standard blocking coefficient;

K; is the decrease in the cross-sectional area of membrane pores (due to adsorption

on the pore walls) per unitof total volume permeated through the membrane (m-1) and;

Ais the membrane surface area (m?).

e Cake formation model for crossflow filtration (n = 0)
The resulting equation for the relationship between flux and time can be written as
Equation 2-21 (Field et al., 1995).

14dj, B ak.] asS
_]p_z dt _]ORm _]ORm

Equation 2-21

where,
«a is the specific cake resistance (m.kg1);

k., is the cake filtration constant (kg.m-3);
R, is the initial hydraulic resistance and and;

S is the rate of erosion of cake per unitareain (kg.m2.s™?).

c

writing K, = and Joo = —

IORm ch
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Therefore,

1 dj, _
_]p_zﬁ = Kcl(]p —Jss) Equation 2-22
The Equation 2-22 can be solved to give the cake formation model for crossflow

filtration (Brido and Tavares, 2012; de Barros et al., 2003; VincentVela et al., 2009):

- 11
J2 K, t=In K]”(m. Jo = Jss )]—]SS(/ ——) Equation 2-23
Jo Joccry — Jss pcry  Jo

2.5.2 Resistance-in-series model

The resistance-in-series model is based on the Darcy's law, and has been used to
evaluate fouling in membrane processv(Carbonell-Alcaina et al., 2016; Corbaton-
Baguena et al.,, 2017, 2015). This model relates the permeate flux with the
transmembrane pressure (TMP), the feed solution viscosity and the total hydraulic

resistance according Equation 2-24 (Mulder, 1996).

AP
B Ry

J=K.AP = Equation 2-24

where,

J is the permeate flux;
AP is the transmembrane pressure;
u is the feed solution viscosity and;

R, is the total hydraulic resistance.

The total hydraulic resistance during the filtration process can be expressed as the
sum of differentresistances that take place during the UF process (Choi et al., 2005,
2000). In this model, the membrane resistance, the adsorption resistance, the
concentration polarisation resistance and the cake layer resistance were considered
Equation 2-25 (Carrere et al., 2001; Corbaton-Baguenaetal., 2015).

Substituting Equation 2-25 into the Equation 2-24, can be expressed the general form

of the resistance-in-series model represented as Equation 2-26:
AP

=,u.(Rm+Rad+Rp+Rc)

] Equation 2-26

where,
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R, is the intrinsic membrane resistance, characterized by mainly the pore shape and
size, and membrane thickness, as determined during the manufacturing process was
calculated from the pure water permeate flux:

AP

R, = Equation 2-27

where J, is the initial water permeate flux;

R,, is the resistance due to adsorption on membrane surface and/or inside its pores
due to solute concentration polarization. The resistance by adsorption is
thermodynamically unavoidable butits contribution to the total filtration resistance is
very small (Choi et al., 2005);

R, is the concentration polarization resistance, due to the accumulation of any soluble
matter presentin the feed at the membrane/solution interface and,;

R, is the cake layer resistance.

The Equation 2-26 was used to quantify the contribution of each fouling mechanism to
overall flux decline. The classification and definition of each resistance is summarized
in Table 2-4

Table 2-4 - Classification of membrane resistances.

Resistance Definition Description
R, Intrinsic membrane Pure water resistance.
resistance
Adsorption on membrane surface and/or
R4 Adsorption resistance inside its pores due to solute
Concentration polarization or gel layer
R, Concentration polarization exerted by the feed solution and removed by
rinse.
R, Cake resistance Consequence of the accumulation of
particles on the membrane
Rpp Pore blockage resistance Colloids block the membrane pores

Measured at the end of feed filtration:
Ry Total resistance Rm+Raat+Rp+Re

2.5.3 Constant-pressure filtration and cake formation

Darcy’s law is used to describe the relationship between flux, pressure and resistance
in the membrane separation process. The resistance-in-series model is based on the

fact that flux decline is comprised of differentfactors, including pore adsorption, pore

52



2 Chapter: Literature Review

blocking, cake formation, and concentration polarisation (Mulder,1996). In this model,
permeate flux through a membrane is proportional to the applied pressure and
inversely proportional to the resistance caused by the cake layer and the membrane
and governed by the general filtration equation (Darcy’s law) given as:

AP — AP,

= Equation 2-28
Jo w.lR,, +R.(t)]

The hydraulic resistance due to the cake formation R, can be considered as the sum
of three deferent factors: R,, the polarisation layer resistance; R,,, the fouling
resistance caused by particle adsorption; and R, the fouling resistance, which can be

divided into irreversible and reversible.

After the membrane pores have become blocked, further deposition of particles on the
membrane surface will form a cake layer. Cake formation creates an additional
resistance layer to the permeate flow (Monte et al., 2009). The deposition of the solute
molecules (particles) on the membrane surface can be calculated using a mass

balance:

1 t
5(t) = C—f Jp-Co. dt Equation 2-29
g Y0

Substituting mass balance Equation 2-29 into Equation 2-28, using resistance-in-

series with the R,, and R, and rearranging we have:

AP — AP,
Ry, +1..6(t)

J,(@®) = Equation 2-30

The cake resistance is assumedto be proportional to cake thickness:
R.=1..6(t) Equation 2-31

r,is the specific cake resistance per unit cake thickness (m?). During constant-
pressure filtration, the specific flux declines over time due to the increasing cake

resistance.

Filtration models often use the well-known Kozeny-Carman relationship to calculate
the specific resistance of a cake with a constant concentration. These models are
mostly used when colloids are being filtered (van den Berg and Smolders, 1990). To

estimate the specificresistance of the foulinglayer, Equation 2-32 was considered, the
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simple Carman-Kozeny equation (Chudacek and Fane, 1984; Davis, 1992; Song,
1998a).

B K.u.(1—¢g)?
fe = d2.e3

where K is the Carmen—Kozeny constant;

Equation 2-32

¢ is the porosity and d,, is the particle diameter.

The critical pressure, independent of the applied pressure and permeate flux, is

determined by the thermodynamic properties of the suspensions (Songand Elimelech,

1995) and itis given by Equation 2-33:
3k, T

) = ———
4rrd3
With an estimate of specific cake resistance (r,) and substituting Equation 2-29 into

Ng, Equation 2-33

Equation 2-30, rearranging the terms results in:

C t
(Rbm + rC.C—Of Jp- dt) Jp =AP — AF, Equation 2-34
g 70

Equation 2-34 can be integrated and solved for ], to give an expression to predict the

flux decline and the growth in cake layer as a function of time (t):

_1/2
_ (AP — AR) (1 n 2r.(AP — AR) & t) Equation 2-35

I, () = Ro? G,

Combining Equation 2-28 and Equation 2-35 we can calculate the resistance of the

bm

cake layer to the permeate flow over time.

1
21.(AP — AP C, \ /2 |
—t -1 Equation 2-36

R,,° C,

R.(t) = Ry, (1 +

And the cake thickness on the membrane over time is then given by:

-1
R 2r (AP — AP)C, \ /2

5 = = <1+ . — —Ot> -1 Equation 2-37
T, Rym Cg

2.6 Membrane foulants characterization and identification

A number of different analytical techniques have been used in the literature to

characterize and identify membrane foulants (C. Jacquin et al., 2018; Peiris et al.,
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2010; Peldszusetal., 2011; Puro et al., 2002b; Yu et al., 2014; Z. Wang et al., 2009),
such as 3D fluorescence excitation—emission matrix (SDEEM) spectroscopy,
attenuated total reflection-Fourier transform infrared (ATR-FTIR), scanning electron
microscopy (FESEM), SEM-energy-dispersive spectrophotometry (EDX), contact
angle, streaming potential and Specificultravioletabsorbance (SUVA). Some of These

methods are described as follow sections and summarized in Table 2-9.
2.6.1 Mainly membrane foulants components
2.6.1.1 Dissolved and colloidal substances

Pulp and paper mill effluents can be reused for the production of differenttypes of
paper and cardboard (Bulowetal., 2003; Chen etal., 2015b), but process water cannot
be recycled easily because dissolved and colloidal substances (DCS) and electrolytes
become enriched with water recycling, causing serious affects on the papermaking

operations and quality of the resulting paper products.

e DCS can be defined as the sum of the complex and variety organic compounds
(includinglow-molecularweightand macromolecules, such as cellulose) (H. Liu
etal., 2020), polyelectrolytes, other dissolved material, and suspended particles
(dimensions less than 1um) present in process water or paper mill effluent
(Chen etal., 2015a). Some authors reported that DCS are mainly composed of
fatty and resin acids, wood resin, silicates, lignans, lignin,andlignin derivatives,
hemicelluloses, sterols, steryl esters, triglycerides (Chen et al., 2015a; Hubbe
et al., 2012; Miao et al., 2012a). Moreover, there are many polymer substances
in the DCS component, and most of the colloids in DCS have carboxyl groups
and are negatively charged (H. Liu et al., 2020).

e In general, the DCS in the papermaking mainly comes from fibre extractives,
pulp, recovered fibers (RCF), waste paper and chemicals additives consumed
during manufacturing process even could be react with electrolytes such as
Ca?*, Na?* and Mg?* that can affect the stability of colloidal substances (CS)
(Chenetal., 2015a; Hubbeet al., 2012; H. Liu et al., 2020; Ordo6fiez et al., 2010;
Yuan et al., 2011). Hubbe et al. (2012) listed some of the prominent sources
and different components of DCS in various pulp and papermaking machines
(see Table 2-5).
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Table 2-5 - Sources of DCS in various pulp and paper Process Waters adapted from Hubbe

et al. (2012).
Possible Sources of DCS Some components of DCS
Wood-derived fibers Humic acids, carboxylic acid groups, fatty acids,

resin acids, hemicelluloses and pectins.

Peroxide bleaching of mechanical Ulronic groups, pectic acids and polygalacturonic

pulp acids (PGAs).

Black liquor carry-over Small molecule lignin, hemicellulose (especially
xylans), acetic acid, formic acid, saccharinic acids
and some organic degradation of sugars.

Deinking, recovered fiber Cellulose, dissolved hemicellulose, organic

compounds, resin acids, deinking additives and ink

particles, fibers and fines.

Previous studies carried out by Miao et al. (2012) and Hubbe et al.(2012)
demonstrated that the amount of dissolved substances comprises about 60%
of DCS, and in some cases can make up 95% of the DCS, a proportion much
more than that of colloidal substances. Moreover, according to research
performed by Chen et al. (2015) and Puro et al. (2002a), the foulants on the
membrane surface andwithin poresarise from DCS, especially fatty acids, resin
acids, lignins and some traces of steryl. Furthermore, the presence of dissolved
multivalent metal ions, especially Ca?*, accelerated membrane fouling (Puro et
al., 2002b, 2011a).

2.6.1.2 Biofoulantsy Organic Foulants

During biological wastewater treatment (aerobic and/or anaerobic, microorganisms

use the biodegradable organic matter as carbon and energy sources and produce

biomass activity as the result of the interaction of the microorganisms with their

environment (Mesquita et al., 2010).

Many studies focused on the characterization of biological secondary effluents
has been described active biomass in activated sludge mixed liquor as a
complex matrix constituted of heterogeneous compounds such as fatty acids,
proteins, polysaccharides, humic and fulvic sub-stances (Jacquin et al., 2017).
Most of these compounds are generated within the bioreactor by the biomass
activity (Extracellular polymeric substances; EPS and Soluble Microbial
Products; SMP) (Jacquin et al., 2017; Q. Liu et al., 2020; Wang et al., 2008).
EPSs and SMPs secretions of microorganisms with high molecular weight,
56



2 Chapter: Literature Review

three-dimensional, gel-like form and highly hydrated molecules (Banti et al.,
2020).

e Extracellular polymeric substances (EPS) are a complex high molecular-weight
mixture of polymers excreted by microorganisms, are defined as biological
reaction by-products and which can occur either attached to microbial cell
surfaces or flocs (Jacquin et al., 2017; Wang et al., 2008; Xie et al., 2016). EPS
are classified into two groups:

o Bound-EPS (bEPS) which derive directly from the microbial cell Wall.
Besides that Bound-EPS are further divided into loosely bound EPS
(LBEPS), and tightly bound EPS (TBEPS) (Banti et al., 2020; Q. Liu et
al., 2020; Wang et al., 2008) and;

o Soluble-EPS (sEPS) or dissolved EPS (dissolved in the liquid phase),
which are generally called as Soluble Microbial Products (SMP).

e Yan et al. (2019) described that the EPS are composed by a wide range of
macromolecules, such as of polysaccharides, proteins, extracellular DNA
(eDNA), nucleic acids, phospholipids, metal ions and other polymeric
compounds. Moreover, several researchers suggests that the proteins and
polysaccharides are the major factions in EPS that contribute to biofouling,
especially when they are in their soluble form as SMP (Banti et al., 2020).
However, other components may also play central roles. Dissolved EPS are
also referred to as SMP ( Jacquin et al., 2017), more precisely SMP are
composed of various organic substances such as volatile fatty acids (VFA),
polysaccharides, proteins, humicacids, nucleicacids,enzymes and lipids. (Bant
etal., 2020; C. Jacquin etal., 2018). Several researchers have reported that the
SMP plays a important role in internal membrane fouling in membrane
bioreactors (MBRSs) during typical operating conditions, causing pore blocking
and cake formation accumulate and thereby reducing permeate fluxes and
productivity of the process (Mesquita et al., 2010).

e SMP have many different origins, i.e, they can be part of the debris of
hydrolysed cells released into liquor during the cell lysis process, secreted
during substrate metabolism from biomass growth, or even provided by the feed
substrate (Banti etal., 2020; Jacquin etal., 2017; Wang et al., 2013). SMP are
often classified into two main categories, based on the bacterial phase from
which they were derived (Azami et al., 2012; Banti et al., 2020; Ma et al., 2015):
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o Utilization Associated Products (UAP), SMPs that are associated from
the biodegradation of original substrates during the microbial growth
phase, and

o Biomass-Associated Products (BAP), SMPs that are associated with

biomass decay in the endogenous phase.
2.6.1.3 Inorganic Foulants

Inorganic foulants or scalingis caused by the accumulation of inorganic compounds
such as metal hydroxides, and scales over the membrane surface or into the
membrane pores, resultingin membrane fouling. Examples of such substancesinclude
cations and anions such as Ca?Y, Mg?, Fe3*, AI%*, S0427, P03, CO3?,
OH-, etc.(Wang et al., 2008). These species precipitate onto the membrane surface
when the concentration of the chemical species exceeds its saturation concentration

and due to hydrolysis which leads to pH change, and oxidation (Nakajima, 2013).

e Several studies have shown that increased concentration of Ca?* and Mg?*
caused more fouling (Ahn etal., 2008; Miao et al., 2018-a, 2018-b; Shirazi et
al., 2010).

e It was also reported by Chen et al. (2015) that the multivalentmetal ions,
especially Ca?*, can easily disturb the stability of DCS via a Ca-DCS complex
and aggregate formation, thus being retained on the membrane surface.
Moreover, the presence of dissolved multivalent metal ions, especially Ca2+,
accelerated membrane fouling.

e Wang et al. (2008) demonstrated by SEM and EDX analysis that membrane
surfaces (Membrane foulant and gel layer characterization in a submerged
membrane bioreactor; MBR) were covered with compact gel layer formed by
organic substances and inorganic elements such as Mg, Al, Ca, Si, Fe, etc.

e In our previous studies, EDS analyses indicate that the presence of inorganic
foulants on the membrane surfaces, such as metal ions and especially Ca2+,
can accelerate membrane fouling, whereas Mg and Si are linked to reversible

fouling (Sousa et al., 2020).
2.6.2 Specific ultravioletabsorbance (SUVA)

Aromatic organic carbon matter and humic substancesin DOM can be characterized
using simple techniques such as total organic carbon (TOC) concentration with UV
absorbance at 254 nm, in terms of the specific UV Absorbance (SUVA). SUVA is a
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direct measure of humic substances, that is to say, it gives an indication of the
presence of unsaturated organic compounds (hydrophobicity or hydrophilicity), and
can be determined by the ratio between UV absorbance measured at 254 nmto TOC
concentration multiplied by 100 (Korshin et al., 1997; Potter and Wimsatt, 2009).

High SUVAvalue >4 L.m1. mg! indicates presence mainly hydrophobic material and
especially humic contentand aromatic substances. Low SUVA (less than 3 L.m1.mg"
1) corresponds to the presence of mainly hydrophilic material with reduced aromatic
character (Archerand Singer,2006; Edzwald and Tobiason, 1999). Table 2-6 indicates
the composition of DOM regarding SUVA values.

Table 2-6 - Guidelines on the nature of DOM according to SUVA. Addapted from (Cunha,
2014; Edzwald and Tobiason, 1999)

SUVA (L. m1. mg?) Composition
Mostly aquatic humic material High hydrophobicity High molecular
>4 weight
Mixture of aquatic humics and other DOM Mixture of hydrophobic and
2-4 hydrophilic DOM Mixture of molecular weights
<2 Mostly non-humics Low hydrophobicity Low molecular weights

2.6.3 Fluorescence spectroscopy

Fluorescence spectroscopy is an analytical technique used to detect differenttypes of
organicmolecules by detectingthe presence of certain natural fluorophores associated
with different types of organic molecules (EIHadidy, 2016). Fluorophore compounds
are typically compounds with aromatic rings, conjugated double bonds or similar rigid
structures that prevent relaxation through torsional energy (Hudson et al., 2007).
Common examples of fluorophores are the tyrosine, tryptophan, proteins, aromatic
amino acids, phenylalanine and, humic and fulvic substances (Chen et al., 2003b;
Peiriset al., 2010; Wang et al., 2017).

Previous studies (Carstea et al., 2016; Chen etal., 2003b; Coble et al., 2014; Hudson
et al.,, 2008) shown that fluorescence spectroscopy could be used to characterize
organic matter in wastewater and effluents quality, as a tool for control discharge in
wastewater treatment plants (WWTPs). Moreover, recent studies have proved the
potential of fluorescence spectroscopy to identify, characterize and monitoring organic
matter in membrane fouling (C. Jacquin et al., 2018; Maghsoodi et al., 2019; Qu et al.,
2012; Shaoetal., 2014; Tian et al., 2015; Wang et al., 2017; Z. Wang et al., 2009; Zhu
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et al., 2011). Therefore, fluorescence excitation—emission matrix (EEM) spectroscopy
could be used as powerful technique for identification, and characterization of this
foulants on membrane, besides to contribute with information to establish strategies to
processes optimization in order to preventandeliminate this undesirable phenomenon
(C. Jacquin et al., 2018; Peiris et al., 2010; Peldszuset al., 2011a; Yu et al., 2014; Z.
Wang et al., 2009).

In this study, the paper mill effluent (feed solution and permeates) and membrane
foulants were analyzed qualitatively and calculated quantitatively using 3DEEM
spectroscopy, by fluorescence parameters, such as peak location, fluorescence
intensity and, volume of fluorescence ® (i) (R.U.nm?) parameters from the
Fluorescence Regional Integration (FRI) method originally proposed by (Chen et al.,
2003b). FRI methodology permits classify the DOM and divide the EEM spectroscopy

into the five main regions (Chen et al., 2003b), as shown in Figure 2-15.

Region | (4,, = 220-250 nm; A,,, = 280-332 nm) is associated with aromatic protein -
like fluorophorestype I (tyrosine type), regionll (1,, =220-250 nm; 4,,,, = 332-380 nm)
Is associated to aromatic protein-like fluorophores type Il (BODs), region Il (1, = 220-
250 nm; 1,,, = 380-580 nm) corresponds to fulvic acid-like fluorophores; and region IV
(Ao = 250-470 Nnm; 4,,,, = 280-380 nm) and V (4., = 250-470 nm; 4,,,, = 380-580 nm)
are associated with SMP-like fluorophores (tryptophane type) and humic acid-like
fluorophores, respectively. It is worth mentioning that previous studies have been
shown that humic and fulvic acids have multiple fluorescence peaks, that can be
overlap in both region Il and V (C. Jacquin etal., 2018; Chen etal., 2003b; Hudson et
al., 2007).
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Figure 2-15 - Excitation and emission wavelength boundaries for natural organic matter
(Chen et al., 2003b).

Anothervery simple tool to identify organic associated fluorophoresis by their chemical
characteristics after fractionation (hydrophobic/ hydrophilic and acid, base or neutral)
(Hudson et al., 2007; Wu et al., 2003) and, classify the fluorescence into maximum
intensity peaks (A, C, M, B and T), on the basis of their corresponding excitation and
emission wavelength pairs (peak-picking method) (Hudson et al., 2007). Theses
fluorescence components have been previously described by Coble. (1996), and the
components and fluorescence peaks are detailed in Table 2-7.

Table 2-7 - Commonly identified PARAFAC components and their corresponding peaks
identified in Coble. (1996). Adapted from B. Fellman et al., 2010 and Hudson et al., 2007.

Peak Associated Aex Aem Description
label fluorophores (nm) (nm)
B Tyrosine-like, 270-280 300-320 Microbially-derived and associated with
protein-like amino-acid and protein presence.
T Tryptophan- like,  270-280 320-350 Microbially-derived and associated with
protein-like protein presence.
A Humic- like 250-260 380-480 High molecular weight, aromatic humic.
M Humic-like 310-320 380-420 Low molecular weight, associated with
(Marine humic-like) biological activity.
C Humic- like 330-350 420-480 High molecular weight aromatic
compunds, humic humic-like

fluorescence.

+*» Nomenclature consistent with peak ranges from Coble et al. (2014) and Coble. (1996).
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Peak A (1,,/2,,,= 250-260/380-460 nm) and Peak C (4,,/4,,,=250-260/380-460 nm)

are commonly associated with humic-like (Baker and Spencer, 2004; Coble, 1996),
PeaksB (4,,/4,,, =270-280/300-320 nm) and Peak T (4,,/4,,,= 270-280/320-350 nm)

is related to microbial activity (proteins) specifically amino acid tryptophan (Coble,
1996; Hudson etal., 2008, 2007), and Peak M (4,,/4,,,= 310-320/380-420 nm) linked
to humic-like or protein-like (Coble et al., 2014; Coble, 1996) (Table 2-2). An example

of the typical peak-picking analysisis shown in Figure 2-16.
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Figure 2-16 - Locations of fluorescence Peaks A, B, C, T and M.
(adopted from Hudson et al., 2007).

2.6.4 Attenuated total reflection-Fourier transforminfrared (ATR-FTIR)

Attenuated total reflection-Fouriertransforminfrared (ATR-FTIR) uses measurements
of vibrational energy of atomic bonds to provide a detailed analysis of the chemical
functional groups of unknown materials (Zularisam etal., 2006). The functional groups
absorb energy at specific wavelengths (spectral range 4.000—400 cm-t), which can be
shifted in intensity or position by substituent effects from adjacent atoms (Howe et al.,
2002). ATR-FTIR spectra are usually divided into two regions: the functional group
region (4.000 — 1.350 cm) and the fingerprintregion (1.350 — 400 cm™) (Chen et al.,
2018).
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In literature, several researches have been applied (ATR-FTIR) to detect the presence
of differentbands of the fouling layer on fouled membranes such as proteins, fatty and
resin acids, colloids, polysaccharides and membrane substrates (Carlsson etal., 1998;
Chen et al., 2018; Delaunay et al., 2008; Howe et al., 2002; Jensen et al., 2015;
Pihlajaméaki et al., 1998), besides to provide an easy and interpretable overview of
fouling distribution over the virgin and fouled membrane (Chen etal., 2018). Gelaw et
al. (2014) used ATR-FTIR to examine the efficiencies of cleaning protocols applied to
remove membrane fouling after membrane emulsification. Delaunay etal. (2008) have
been mapped quantitatively protein fouling by FTIR-ATR. Carlsson et al. (1998)

studied surface of membranes fouled from pulp mill effluentby FTIR-ATR.

However, ATR-FTIR spectra applied in fouling characterization and foulants
identification provide a fingerprint of the samples with multiple absorbance bands,
some arising from the membrane material (polyethersulfone, cellulose acetate,
polypropylene, ceramic and others materials ) and some due to the fouling material
(organic and inorganic foulants), it is essential to ensure that the peaks investigated
and quantified are correctly identified. Based on the study carried out by Jensen et al.
(2015), Table 2-8 shows the most common peaks from PES UF membrane and the
residual fouling found in the ATR-FTIR spectrum.

Previous studies demonstrated that the peaks for the fresh PES ultrafiltration
membranes were found around 1147.34 cm can be assigned to S=0O symmetric
stretching mode in-SO?% (Angione et al., 2015), 1240 cm™ which arises from the
asymmetric stretch of the aromatic ether (Ar-O-Ar ethers) in the polyethersulfone
(Jensen et al., 2015), and 1643 cm' and 3400 cm® characteristic for the aromatic

bands and aromatic double (bonded carbons), respectively.
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Table 2-8 - The most common peaks from PES and the residual fouling found in the IR

spectrum.
Wavenumber (cm™) Conformation PES Fouling
825-875 C-H out of plane bend X
1100 C-O stretch (Polysaccharide-like) X X
1150 C-O stretch (Polysaccharide-like) X X
1240 Asymmetric stretch of the aromatic ethe X
1300 C-O stretch X
1325 C-0O stretch X
1475 C—H bend X
1650-1657 C=0 (Amide |, primary peptide carbonyls) X
1530-1550 X
1626-1640 Amide Il (C-N and N-H bonds)
1655-1675 Turn (Secondary structure B-lactoglobulin/other X
1680-1696 proteins).
1640-1651 Amide | (C=0) X
1745 C=0 stretch X
2700-3000 C—H stretch X X
2850 - 2930 Aliphatic-CH2 asymmetrical stretching X
3300-3500 O—-H stretch (alcohol) X

« Adapted from Jensen et al. (2015), Her et al. (2004), Carlsson et al.(1998), Ramamurthy et al.
(1995) and Puro et al. (2011b).

In addiction, an important characteristic of all this foulants compounds characteristic
from membrane fouled by paper mill effluentis that contain the group C=0 in their
structures like as carboxylic [-C(=0)-OH] or carboxylate [-C(=0)-O- ] absorbingin a
strong band in the range about 1690-1750 cm! and 1550 cm-, respectively and all
carbohydrates absorb at about 3400 cm-! (-C-OH) and at about 1060 cm® (-C-OH or
C-O-C) (Carlsson et al., 1998). Thus, this band is significantin IR (Infrared) on the
fouled membranes to the fouling analysis. As Figure 2-17 shows there is a good
opposite correlation between peaks correspondingto foulantsand membrane material,
meanly at 3700 - 3000 cm? and at 1020 cm-L.

64



2 Chapter: Literature Review

— Fouled 100 kDa
0,8 — Fresh membrane 100 kDa a)
0,75 — Washed membrane 100 kda

07
0,65
0,6
0,55
05
0,45
04
0,35 Humic Protein ____ —

02 Fatty and
t

1

0,2
0,15

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800
Wavenumbers [1/cm]

Polysaccharid

Absorbance

0,1
0,05

Figure 2-17 - Spectra of PES UF membrane and fouled membrane by paper mill
treated effluent.

Figure 2-18 shows a schematic illustration of ATR-FTIR measurement, the sample are
form fora two phase’s system: ultrafiltration membrane (that consists in two layers, the
active PES layer and thicker support polyester (PE) layer) and residual foulants layer
(Figure 2-18). In this case IR beam penetrate, successively in the fouling layer, the

active layer of the membrane and finally the support layer.

Contact

Sample in contact with Force
evanescent wave

Membrane support
Membrane intermediate layer
Membrane active layer
Fouling layer

Infrared beam ATR crystal

Spectra
( Fouling + active layer
+ membrane support)

Figure 2-18 - lllustration of the membrane interfacing with the ATR crystal (successively

fouling layer/active layer of membrane and support layer of membrane).
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2.6.5 Scanning electron microscopy (FESEM)

SEM or FESEM provides images of the sample surface by scanning it with a high-
energy beam of electrons. They work on the basis where the electrons interact with
the atoms of the sample, thus signals are produced that contain information aboutthe
samples surface composition, topography and other properties such as electrical
conductivity (AWWA, 1988).

Scanning electron microscopy has been extensively used to provide more information
about fouling layer formation and morphology (Basile and Charcosset, 2015; de
Roever and Huisman, 2007; Fernandez-Alvarez et al., 2010; Malaeb and Ayoub,
2011). Optical microscopy can be used to directly observation of the fouling
morphology and identify many foulants by their colour, size, crystalline structure, or
other characteristic. Well-known examples of foulants thatcan be recognized by optical
microscopy are iron oxide by its colour, size, and agglomerate nature and bacteria by
theirshape, size, andmovement (de Roeverand Huisman, 2007; Sachitand Veenstra,
2017). Meng et al. (2010) used SEM technicto visualise the morphology of fouling on
polymeric MF membranes applied in membrane bioreactors (MBRS).

2.6.5.1 SEM-energy-dispersive spectrophotometry (EDX)

SEM coupled with Energy-Dispersive X-ray analysis (SEM-EDX) works on the basis
that the electron beam interacts with the atoms in the sample, causing inner electron
shell transitions, thus emitting X-rays which are collected and analysed by the EDX
analyser (Willisand Conner, 2015).

SEM-EDX has been widely used to characterize and provide information on the
mineral fouling on organic membranes, in addiction, allows a semi-quantitative
analysis of the elemental chemical composition of the fresh and fouled membrane
(Malaeb and Ayoub, 2011; Nghiemet al., 2006).

Rabiller-Baudry etal. (2012) investigated organic fouling on porous organic composite
membranes fouled with skim milk by the use of scanning electron microscopy (SEM)
coupledto Energy-Dispersive X-ray spectroscopy (EDX) micro-analysis. Van Hoof et
al. (2002) and Vrouwenvelder et al. (2011) analysed RO membranes fouling by
autopsy and found that foulants layer were made of about 50 - 60% biofilm and the

complement mainly corresponds to inorganic elements as Fe, Al, Ca, Mg, Si.
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2.6.6 Optical coherence tomography (OCT)

Optical coherence tomography (OCT) has been used to characterize membrane
fouling in recent studies. However, no one study applying OCT to the characterization
of the membrane fouling by dissolved and colloidal substances (DCS) from a
secondary clarifier effluent from a wastewater treatment plant (WWTP) in a

papermaking factory is available to the date
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Table 2-9 - Summary comparing analytical techniques for foulant identification and characterization of membrane fouling. Addapted from (Chen

et al., 2018).
Approach Feasibilities Advantages Limitations
Fluorescence Detection of fluorescent organic Nondestructive and sensitive analysis Sample  should be  soluble, and
spectroscopy compounds in foulants. of NOM, DCS and EPS components nonfluorescent compounds as
polysaccharides (cellulosic species), fatty
and resin acid are not detectable.
ATR-FTIR Detection of functional groups in Differentiation of foulants through Water content strongly affects the
fouling layer on fouled membranes. fingerprint spectral analysis measurement and difficult precision in the
Provide an easy and interpretable guantitative analysis.
overview of fouling distribution.
FESEM Imaging of membrane structure and Directly observation of the fouling Dehydrationis needed, and spatial resolution
foulants. morphology is limited.
EDS Information on the elemental A quite easy task considering that the
inorganic foulants inorganic elements which are looked for
usually are present on membrane
surface.
OCT 3D imaging of fouling layer (spatial Highly sensitive, optical sectioning and,
and temporal resolution). qualitative and quantitative analysis of
the fouling layer
SUVA Comparison of aromaticity, molecular Simple and versatile Sample should be soluble, and the spectra

weight distribution, indication of the
presence of unsaturated organic
compounds  (hydrophobicity  or

hydrophilicity).

are usually highly overlapping and need
further validation.
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3.1 Source and properties of treated effluent used as feed solution in
the UF process

The feed water for the UF membrane experiments was obtained from a secondary
clarifier from a wastewater treatment plant (WWTP) in a paper mill located in the south

of the Valencian autonomous region in Spain (Figure 3-1).

In this papermaking process employing recycled paper, news print and cardboard as
raw materials. The WWTP has capacity of treats approximately 1.200 m3/day of the
industrial effluentwith a daily biological load around 6.720 kg COD/d using BIOPAQ-
UASB anaerobic reactor combined with classic aerobic treatment system. The sewage
first passes through anaerobic pondsandthen activated sludge ponds with anoxicand
aeration zones). The feed water samples were then stored in a refrigerator at 4°C and

warmed to room temperature prior to use in the ultrafiltration experiments.
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Figure 3-1 - Aerial view of the wastewater treatment plant (WWTP) in a papermaking
factory. Google Maps (on-line), 2019.
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1- Open andclosed homogenization/equalization tanks (Pre-acidification step)
2 - Anaerobic biological reactors (there are 3 BIOPAQ-UASB)
3 - Aerobic biological reactor (activated sludge - after anaerobic treatment)

4 - Secondary clarifier

5- Sludge thickening and sludge dewatering

6 - Gasometer

Average concentrations of constituentsin the feed solution are summarized in Table

3-1.

Table 3-1 - Average compositions of the paper mill treated effluent (anaerobic and aerobic

treatment) used in the experiments.

Parameter Units Value Equipment
Turbidity (NTU) 39.5 Turbidimeter D-112 — Dinko.
Chemical oxigen demand  (mg/L) 252+5.0 Reactor 5B-2C, COD meter.
(COD)
Total organic carbon (mg/L) 80.00 +2.4 TOC-VCSN Shimadzu Analyzer
(TOC)

Ultraviolet absorbance (cm?) 0.943 +£0.012 UV-VIS Scanning spectrophotometer
(UV2s4) (Unicam, UV2), with a 1 cm quartz
SUVA (L/mg/m)  1.114 £0.03 cuvette.

Suspended solids (g/L) 0.1986+0.05 TSS Vaccum filtration assembly —
(TSS) Alamo/Dinko.
Sediment solids (ml/L) 3.510.1 Imhoff sedimentation cone - 1 000 ml—
(SS) VITLAB.
Conductivity (ms/cm) 3.56+1.0 Conductivity Meter, EC-Metro GLP 31-
Crison.
pH 7.8£0.5 pH-Meter BASIC 20 — Crison.
Total nitrogen (mglL) 1.7£0.2 Thermoreactor AL125 and protometer
— Lovibond.
Temperature °C 23.5£2.0 Temperature Meter GLP 22 —Crison.
Particle size nm 458 — 1281 Zetasizer Nano ZS - Malvem
Instruments.
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3.2 Analytical methods and apparatus

3.2.1 General characteristics
e Turbidity:

The turbidity measurementwas made using a Dinko 112 turbidimeter (ASTM D1889),
which was calibrated using Dinko turbidity calibration standards before each use.

Samples were measured in triplicate and the results were averaged.
e Chemical oxigen demand (COD) and Total nitrogen:

COD and total nitrogen were measured using a Merck Picco photometer at the
wavelengths of 605 nm and a Merck TR-300 thermoreactor in accordance with the
Standard Methods (D1252 - 06 ASTM and ASTM D8083, respectively) (APHA, 1998).

Samples were measured in triplicate and the results were averaged.
e Total organic carbon (TOC):

Total organic carbon (TOC) is a carbon analyser used to measure directly the organic
carbon (sum of the carbon particulate and DOC) content of feed and permeate
samples. TOC concentrationswere measured usinga TOC-VCSN Shimadzu Analyzer
(Shimadzu, Japan) . The instrument was calibrated prior to each series of analysis
using series of potassium hydrogen phthalate standards (0.5 mg/L, 1 mg/L, 5mg/L, 10
mg/L and 20 mg/L). In the analyses nonpurgeable organic carbon (NPOC)
determination method was employed. TOC samples were filtered through a 0.45 ym
filter prior to analysis and the resultants NPOC were calculated as a mean of three

measurements from the TOC analyser.
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Figure 3-2 - Photograph of the setup for TOC-VCSN Shimadzu Analyzer used in the IEM.
e Specific ultraviolet (UV) absorbance (SUVA254):

The specific UV Absorbance (SUVA)is determined by the ratio of the UV absorbance
measured at 254 nmto TOC concentration (Korshin et al., 1997; Potter and Wimsatt,

2009). SUVA was calculated according the following equation:

) UV, (D) 100
= UVasaM ) * 03 /7 Equation 3-1
roc (/)

SUVA (
m.mg

Where high SUVA values (more than 4 L/m/mg) indicate high humic content with a
hydrophobic character (aromatic) and low SUVA (less than 3 L/m/mg) corresponds to
the presence of mainly hydrophilic material with reduced aromatic character (Archer
and Singer, 2006; Edzwald and Tobiason, 1999). Specific UV absorbance (SUVA254)
was measured with a 1 cm quartz cuvette using a UV-VIS spectrophotometer (UV-
2401PC, Shimadzu,Japan). Samples were measured in triplicate andthe results were
averaged.

e Total suspended solids and sedimentsolids

The PMTE and the membrane permeate suspended solids concentration were
measured using a glass fiber filter with a 1 um pore size and a 47 mm diameter
following a standard method of analysis (APHA-AWWA-WEF, 1998). To estimate
sediment solids concentration (ml/L) the PMTE was thoroughly mixed and poured in

Imhoff cone and settleable matter was measured volume-trically after 1 and 2 h.
e Particle size distribution and zeta potential

The experimental foulants size distribution (colloids and dissolved matter), and fresh
and fouled membrane surface zeta potential were measured using the dynamic light-
scattering method in a Zetasizer Nano ZS instrument (Malvern Instruments), through

averaging three independent sample analyses (standard deviation less than 5%).
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Figure 3-3 - Photograph of the setup for Zetasizer Nano ZS instrument (Malvern
Instruments) used in the ISIRYM.

e Conductivity and pH

Conductivity was measured using a conductivity Meter (EC-Metro GLP 31- Crison) set
WTW 3 level (ASTM D1125 — 14). Standard solutions containing potassium chloride
(KCI) at the EC of 500, 1413 and 2760 uS cm! were used to calibrate the conductivity

meter.

The pH and temperature were monitored using a BASIC 20 pH-Meter (Crison), the
instrumentwas calibrated with standard solutions of pH 4.0, 7.0, and 10.0.

Samples were measured in triplicate and the results were averaged.
3.3 Membrane properties and characteristics

UF experiments were carried out using polyethersulfone (PES) membranes with
differentmolecular weight cut-offs (MWCO) of 10 kDa, 50 kDa and 100 kDa in a flat
sheet, provided by Synder Filtration™ (Vacaville, USA). These membranes have
nominal pore sizes of 3.16 - 3.5 nm, 6.09 — 8.17 nm and 7.67-12.29 nm, respectively
calculated based on the literature (Liu et al., 2003; Yoon, 2015). Table 3-2, shows the
characteristics and operating conditions of the membranes used.
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Table 3-2 - Technical data on the membranes used in this study.

Membrane / Cut-off
ST (PES) MQ (PES) LY (PES)

MWCO (kDa) 10 50 100

pH range 2-10 2-10 2-10
Maximum temperature (*C) 55 55 55
Max Inlet Pressure (Bar) 8.3 8.3 8.3
Max Differential Pressure (bar) 1.2 1.2 1.2

Free peroxide in product during operation < 3 ppm < 3 ppm < 3 ppm

New membranes were soaked overnightin Milli-Q water to remove trace quantities of

preservative andto limitthe introduction of organic residues into the water sample.
3.4 Pre-treatment before the UF processes

There are two pre-treatment setups used in this work, one for dead-end experiment

and other for the cross-flow filtration.

e In thedead-end UF

As the foulantfraction between 0.45 ym and 100 kDa is the major fraction contributing
to the membrane fouling (Howe et al., 2006), a pre-filtration at 0.45 um was employed

on the PMTE to eliminate the larger suspended solids and higher molecular weight

collides (Figure 3-4).

Alr
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Membrane
Cell

N2 Gas Cylinder

Figure 3-4 - Schematic image of the setup with a membrane cell used for pre-filtration

experiments before dead-end filtration.
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e In the cross-flow UF

Before the PMTE samples were placed in the UF process they were treated in a
conventional filtration (Figure 3-5) with a Cintropur® NW 50 filter element and
centrifugal propeller and filter cloths with porosities of 50, 25 and 5 microns (um)
sequentially. The aim of this pre-treatment was to remove the large suspended solids

in the PMTE in order to prevent early membrane pore blocking.
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Figure 3-5 - Schematic image of the setup with a conventional filtration used for pre-
treatment before the cross-flow UF.

3.5 Cross-flow filtration experiments

3.5.1 Cross-flow filtration setup

Experimental tests were performed in a UF pilot plant, consisting of tanks for feeding
and cleaning solutions with a capacity of 10 litres each. The conventionally pre-treated
water from the feed tank was pumped to a flat-sheet membrane module (Rhéne-

Poulenc, France) that allowed working with two membranes with similar or different
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MWCO (depending on the experiment being carried out). The effective area for each
membrane in the modulewas 154.8 cm2. These elementsworked in parallel andwere
operated under cross-flow filtration using a 3CP-1221 piston pump. The required
crossflow rates and transmembrane pressures were attained by controlling the input
electromotor power and backpressure valve after the membrane module. A

cooling/heating system was employed to achieve the required temperature.

In addition, the plant had data acquisition (temperature, module input and output
pressure) through LabVIEW System Design Software. The real-time membrane flux
was calculated from the difference between the two weight measures for each
permeate, registered on two precision balances using MALTAB® (Mathworks). The

schematic diagram for the pilot plant process is shown in Figure 3-6 and Figure 3-7.

3 e -

- P > ~ — b « ) d I
A > v
! ]

Figure 3-6 - Photographs of the experimental system. UF pilot plant with flat-sheet

membrane module (Rhéne-Poulenc, France).
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Figure 3-7 - Schematic diagram for the cross-flow ultrafiltration membrane process.

3.5.2 Membrane characterisation

Flux vs. TMP experiments withoutfouling were carried out to determine the intrinsic
membrane resistance (R,,). Distilled water was used as the feed solution and
measurements were taken for differentcombinations of TMPs (1.0, 1.5, 2.0 and 3.0
bar) at 1.041 m/s and 22.5 °C. The characterization process was undertaken for an
operation time of 2 hours, it was necessary to stabilize the flux through the membrane
during this time. Before the first use, each membrane was worked under compaction

conditions with pure water at 5 bar for 1 hour, in order to obtain a stable membrane
structure. R,, values were calculated using the resistance model,Equation 3-2, where

under this condition, there was no fouling on the membrane (R, = 0) (Cheryan, 1998):

TMP TMP
HRy  u(Rpy + Rp)

Jp = Equation 3-2

where:

Jp is the permeate flux (m/s);

TMP is the transmembrane pressure (Pa);

R,, is the intrinsic membrane resistance using pure water as the feed (m™);

M is the viscosity of the permeate stream (Pa-s);

101



3 Chapter: General Materials and Methods

R, is the membrane fouling resistance (m™) and;

R, can be understood as the result of the sum of the three main fouling mechanisms:
pore blockage resistance (R,,) when colloids block the membrane pores, adsorption
resistance (R,) as a result of foulantadsorption inside or over the membrane and cake
layer resistance (R,) as a consequence of the accumulation of particles, DCS on the

membrane (Khan etal., 2011; Mohammadi and Safavi, 2009; Rezaei et al., 2014).

3.5.3 Fluxdeclinein UF

Once the membrane was characterised, the fouling tests were carried out under
tangential flow UF. The aim of the tests was to determine the UF process efficiency
under differentoperational parameters. The experiments were performed at different
TMPs (1-3 bar) and crossflow rates (CFV) (1.5-4.5 L/min), MWCO (10 — 100 kDa) and
temperature (15-30 °C). These parameters were selected based on the capability of
the experimental setup (related to its operational limits), industrial scale-up and
economic considerations (Sousa et al., 2018) . All the experiments were performed
over 2 hours some experiments under 8 hours in total recirculation mode in order to

generate a quasi-steady state.

Permeate flux was calculated from mass data and volume change data, where the

permeate density was consideredto be the water density at the operatingtemperature.

The evolution of permeate flux (volume of permeate obtained per unit time and
membrane area) was gravimetrically measured from mass data and volume change
data at differenttime intervals, where the permeate density was considered to be the

water density at the operating temperature, as described by Darcy’s Equation:

1 dm, )
Jp=—— Equation 3-3
A, p dt

where,

Am is the effective membrane area (m?);

m,, is the total mass of permeate (kg);

p is the volumetric mass density (kg/m3); and

t is the filtration time (S).
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To keep the feed concentration constant both the permeate and the retained streams

were continuously recirculated to the feed tank.
3.5.4 Cleaning membranes procedure

Membrane cleaningis necessary to restore the permeate flux through the membrane.
It can be achieved by hydraulic, mechanical or chemical methods and techniques
which depend on factors such as foulant characteristics, membrane material, and

membrane configuration (Nguyen etal., 2010; Nguyen and Roddick, 2011).

The study of permeate flux recovery after membrane cleaning was carried out on a
10 kDa PES membrane with an initial water permeate flux (Jo) of 68.6 (L/m2/h), which
hadbeen fouled by the recycled paper wastewater. The membrane cleaning procedure
was undertaken using two methods (hydraulic cleaning and chemical cleaning) with

the aim of evaluating the cleaning efficiency (Ck).

Hydraulic cleaningwas carried out in backwash. Deionised water was circulated for 20
minutes in cross-flow membrane system to flush out the impurities deposited in the
membrane surface, at a temperature of 25 °C, flowrate = 4.5 [/min andtransmembrane

pressure of 4.5 bar.
The alkaline chemical cleaning was carried outusing the following procedure:

e Rinsing with deionised water (10 min);

e Cleaningwith aqueous 1.0 M NaOH solution, in deionised water (30 min) at pH
9.5;

e Rinsing with deionised water (10 min).

e Operating conditions: T= 25 °C, Pin=4.5 bar and flow rate = 4.5 I/min (for each

cleaning step).

As described in the previous literature (Ahmad, 2013; Koo et al., 2016; Said et al.,
2014) aqueous caustic solutions (i.e., NaOH) are especially important for the removal

of protein matter, colloidal and humic substances.

Further description of the cleaning protocols can be found in (Blanpain-Avetet al.,
2009; Koo et al., 2016; Rabiller-Baudry etal., 2002).

Flux recovery and resistance removal were used to evaluate the cleaning efficiency of

the procedure.The fluxrecovery (FR) and resistance removal (RR) by hydraulic and
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chemical cleaning were calculated using Equation 3-4 and Equation 3-5 (Corbaton-
Baguenaetal., 2013; Koo et al., 2016; Srisukphun etal., 2015):

Jpe @) = J ¢ (£)

FR(%) = x 100% Equation 3-4
]0 - ]pf (t)
where,
Jpc 1s permeate flux after cleaning;
J,r is permeate flux after fouling and;
Jo is initial permeate flux before fouling.
R; — R;
RR (%) = L—% x 100% Equation 3-5

Ry
where,

Ry is the fouling resistance before cleaning as calculated from the permeate flux after
each membrane fouling cycle (J, ., ) and;
R;., is the foulantresistance after cleaning as calculated from the permeate flux

after cleaning membrane (Jcopery )-

3.6 Dead-end filtration experiments

3.6.1 Dead-end filtration setup

Filtration experiments were carried outin a 400 mL stirring cell (Amicon 8400, Millipore,
USA) connected to a pressurized tank (800 mL) and operated in dead-end filtration

mode to filter large volumes of sample. The UF setup is shown in Figure 3-8.
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Figure 3-8 - Lab-scale of the dead-end membrane filtration system with stirred cell (a)

process setup photograph and (b) pilot schematic diagram.

The membranes were placed at the bottom of the cell with active layer side in toward
the feed solution. Nitrogen gas was used to drive the feed solution through the
membranes at constant pressure. The permeate was collected into beaker placed on
an electronic balance in order to continuously monitor the weight change throughout
the process. Thiswas carried outthrough a data acquisition system and the data were
automatically logged each fifteen seconds.
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3.6.2 Filtration experiments

Prior to the UF experiments, the new membranes were soaked in Milli-Q water for 24
h and then carefully rinsed. For the membrane characterization measurements,
distilled water was used as the feed solution for each membrane and the water flux
was given the term(J,). Filtration were performed under different transmembrane

pressures (TMPs) (0.5, 1.0, 1.5 and 2.0 bar) at room temperature.

After determining the clean water flux, the fouling experiments were performed on
membranes with differentMWCO (10 kDa, 50 kDa and 100 kDa) in order to understand
the role this parameter plays in fouling propensities. Every UF experiment included
filtration of 250 ml of the pre-filtered PMTE as a feed sample ( see section 6.3.1). The
filtration protocol also included membrane washing steps in accordance with the

methodology described by C. Jacquin etal. (2018) .
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4.1 Abstract

Optimization of the ultrafiltration (UF) process to remove colloidal substances from a
paper mill’streated effluentwasinvestigated in this study. The effects of four operating
parameters in a UF system (transmembrane pressure (TMP), cross-flow velocity
(CFV), temperature and molecular weight cut-off (MWCO)) on the average permeate
flux (J,), organic matter chemical oxygen demand (COD) rejection rate and the
cumulative flux decline (SFD), was investigated by robust experimental design using

Taguchi method.

Analysis of variance (ANOVA) for an L9 orthogonal array were used to determine the
significance of the individual factors, thatis to say, to determine which factor has more
and which lessinfluence over the UF response variables. Analysis of the percentage
contribution (P%) indicated thatthe TMP and MWCO have the greatest contribution to
the average permeate fluxand SFD. In the case of the COD rejection rate, the results
showed that MWCO has the highest contribution followed by CFV.

The Taguchi method and the utility concept were employed to optimize the multiple
response variables. The optimum conditions were found to be 2.0 bar of
transmembrane pressure, 1.041 m/s of the cross-flow velocity, 15 °C of the
temperature, and 100 kDa MWCO. The validation experiments under the optimum
conditions achieved J,, COD rejection rate and SFD results of 81.15 L/m2/h, 43.90%
and 6.01, respectively. Additionally, SST and turbidity decreased by about 99% and
99.5%, respectively, and reduction in particle size from around458 — 1281 nmto 12.71
- 24.36 nm was achieved. The field emission scanning electron microscopy images
under optimum conditions showed that membrane fouling takes place at the highest
rate in the first 30 minutes of UF. The results demonstrate the validity of the approach
of using Taguchimethod and utility conceptto obtain the optimal membrane conditions

for the wastewater treatment using a reduced number of experiment.
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4.2 Introduction

Ultrafiltration is an attractive process for paper mill wastewater treatment and it can be
usedas an advancedtertiary treatment to remove suspended solidsanddissolved and
colloidal substances (DCS) during the treatment of paper industry effluentin order to
facilitate the reuse of the treated wastewater and reduce fresh water consumption
(Chen etal., 2015b; Krawczyk et al., 2013). What makes it so attractive is that most of
the pollutants consist of high-molecular-weight compounds and these are easily
removed by UF (Gonder et al., 2012; Sousaet al., 2018).

However, membrane foulingis still a limiting factor for the adoption and use of UF on
a large scale in paper manufacturing applications. This fouling results in a sharp
decline in permeate fluxand, thus, changesin membranes selectivity (Gonder et al.,
2012; Kamali and Khodaparast, 2015b; Manttéri et al., 1997). Membrane fouling also
increases the process cost due to repeated plant shutdownsto clean and wash the
membranes (Cassano et al., 2011). Previous studies have shown that the main
foulantson the membranes usedfor paper industry wastewater are DCS including fatty
acids, resin acids, lignins and trace amounts of sterols, steryl esters and triglycerides
(Chen etal., 2015b; Puro et al., 2002b). Currently, this treatment technology can only
be used to filter paperboard mill treated effluent that has been pre-treated and that

already meets discharge standards (Puro et al., 2011Db).

Membrane and operating conditions selection are important in minimizing membrane
fouling. Statistical experimental design incorporating design of experiments (DOE)
techniques can be used to investigate the effects of all the possible interactions
between the factors at one time, while undertaking the fewest possible experiments. A
review of the literature revealed that an increasing number of studies are being
conducted using DOE approaches in the membrane technology field to optimize
operating conditions (Gonderet al., 2012; Hesampouret al., 2008; Khaire and Gogate,
2020; Pourjafar et al., 2013; Reyhaniet al., 2015, 2015; Rezvanpour et al., 2009;
Salahi et al., 2010; Zoubeik et al., 2020). The DOE approaches for robust design
include the Taguchi method which combines mathematical and statistical techniques
to arrive at a special design of experiments with an orthogonal array (OA) to study
multiple factors with a small number of experiments. This saves time and money by

reducing the number of experiments required in the investigation (Beril Gonder et al.,
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2011). It is worth mentioningthatthisapproach is becoming popularbecauseitis easy

to adopt and applies an efficient method for optimizing the operating parameters.

This approach also allows to study the influence of each individual factors on the
response variables, as well as on the effects of interactions between factors over
response variables, it is to say all operational conditions varying simultaneously
according design array. This permits the factors that have the greatest and least
influence to be determined, along with the optimum level for each factor in an OA
(Ezzati et al., 2005). In addition, in many UF approaches, is necessary to consider the
application of multiple response optimization, because the process performance is
often evaluated using several quality characteristics (responses). In this case, the
Taguchimethod and utility concept are useful tools foroptimizing operating parameters

in multiple characteristics responses (Kaladharet al., 2011).

A statistical analysis of variance (ANOVA) can be used to provide information on
whether the operating parameters (factors) are statistically significantor not, as well
as to identify the influence of individual factors and establish the relationships between
the factors and operating conditions. The F-test and P-value in ANOVA analyses are
powerful tools for deciding which operating parameters have a more or less significant
effecton the response variables (obtaining a maximum or minimum) (Mohammadi and
Safavi, 2009; Park, 1996). In this study, ANOVA was also used to analyze the

experimental results.

The aim of this work was to determinate the effect of operating conditions such as
transmembrane pressure (TMP), cross-flow velocity (CFV), temperature and molecular
weight cut-off (MWCO) on the average permeate flux, COD rejection rate and
cumulative flux decline (SFD), in additionto determining the optimum conditions for the
given sets of values and to find the best response variables by using Taguchi
experimental design and the utility concept. The results of this study may be used as
a guideline when operating UF systems under the best conditions in a wastewater
treatment plant (WWTP) in a papermaking factory. The filtration results and analysis
of the experimental data presented and discussed in this study were carried out by
using ANOVA to find the significance of the controlling factors and optimized using the
Taguchi method to find the optimum operating conditions. A standard L9 orthogonal
array was selected for experimental planning with fourfactors and three levels foreach

factor.
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4.3 Materials and methods

4.3.1 Paper mill treated effluent feedstock

The paper mill treated effluent (PMTE) used in this work was obtained came from a
secondary clarifier effluent from a wastewater treatment plant (WWTP) in a
papermakingfactory located in the south of the Valencian autonomousregion in Spain.
In order to prevent early membrane fouling, remove large suspended solids, and
reduce initial turbidity and COD in the PMTE, the raw feed solution was pre-filtered by
conventional filtration (low-pressure pump at around 1 bar) with a Cintropur® NW 50
filter element, and centrifugal propeller and filter cloths with a 5 ym nominal pore size.

The significantcharacteristics of the PMTE samples are listed in Table 4-1.

Table 4-1 - Average compositions of the paperboard mill treated effluent (biologically treated
wastewater) used in the experiments.

Parameter units value
Suspended solids (TSS) g.L? 0.046+0.01
Turbidity NTU 3.21 +0.5
Conductivity ms.cm? 4.20 £1.0
COD mg.L? 146+5.0
Total nitrogen mg.L? 0.8£0.01
pH - 8.30+0.5

< Pre-filtered by conventional filtration (Pre-treatment).
4.3.2 Membranes and experimental setup

This study used polyethersulfone (PES) membranes provided by Synder Filtration™
(Vacaville, USA) with a molecular weight cut-off (MWCO) of 10, 50 and 100 kDa,
denoted 10-ST, 50-MQ and 100-LY, respectively.

The experiments were performed in a typical UF pilot plantwith a flat-sheet membrane
module (Rhéne-Poulenc, France), that allowed working with two membranes with
similar or different MWCO (depending on the experiment being carried out). The
effective area for each membrane in the module was 154.8 cm?. The details of the
experimental set-up have been described previously by Sousa et al. (2018) section
3.5.

The pilot plant had a data acquisition system (temperature, module inputand output

pressure) from LabVIEW®. The permeate was collected during thefiltration in a beaker
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placed on an electronic balance connected to a computer in order to continuously
register the weighting data. This data was then automatically logged every thirty

seconds and subsequently used to calculate permeate flux through the membranes.
4.3.3 Analytical methods

The PMTE used as the feed solution and the UF permeate samples were analyzed
according to the methods described below. The suspended solids analyses were
carried out in accordance with the Standard Methods (APHA, 1998). Turbidity was
measured using a Dinko 112 turbidimeter (ASTM D1889). Conductivity was measured
usinga WTW level 3 conductivity device (ASTM D1125-14). COD and total nitrogen
in the effluent was analyzed using a Merck photometer and a Merck TR-300
thermoreactor in accordance with the Standard Methods (APHA, 1998).

4.3.4 Field emission scanning electron microscopy (FESEM)

FESEM measurements were used to provide information on the fouling that formed on
the membranes. The surface and cross-section morphologies of the fresh and fouled
membranes were observed by field emission scanning electron microscope, (ZEISS
ULTRA 55, Oxford Instruments, UK), operated with a voltage of 200 kV and an
accelerating voltage of 0.02-5 kV. Before analysis, the dried membrane samples were
attached to double-sided adhesive carbon tape on an aluminum holder, and

subsequently coated with a thin layer of gold prior to analysis.
4.3.5 Experimental procedure
4.3.5.1 Ultrafiltration experiments

Previous to the UF runs, permeability experiments were carried out to determine the
intrinsic membrane resistance (Rm). Distilled water was used as the feed solution and
measurements were taken for 1.0, 1.5, 2.0 and 3.0 bar of transmembrane pressure
(TMP) at 1.041 m/s and 22.5 °C, in total recirculation mode to generate a quasi-steady
state. The characterization process was undertaken for an operation time of 2 hours

to stabilize the flux through the membrane during this time.

The UF experiments were performed in crossflow filtration mode. The studied
parameters were varied in the following ranges: TMP (1.0-3.0 bar), CFV (0.463 —
1.041m/s), MWCO (10 — 100 kDa) and temperature (15-30 °C). These values were

selected based on the operational limits of the experimental setup, industrial scale-up
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and economic considerations (Sousaetal., 2018). The evolution of permeate flux was
gravimetrically measured at different time intervals and described by Darcy’s law
Equation 3-3.

In section 4.3.6 (Experimental design based on the Taguchi method) summarizes the

operating conditions tested.

4.3.5.2 Average permeate flux, COD rejection and cumulative flux decline

analysis
To evaluate the UF performance in terms of permeability the first response parameter
considered was the average permeate flux calculated by integrating J»(t) (t; > 0 up
to t,, = 120 min), which can be described by the following equation (Cojocaru and

Zakrzewska-Trznadel, 2007):

Equation 4-1

1 (tm
]P=t—.j Jp(t).dt

M e,

where:

Jp(t) is the permeate flux evolution over time, determined by regression analysis on

the experimental data;
t, is the initial time operation (first time interval after t,); and

t,, is the time corresponding to the last value of the permeate flux considered (when a

quasi-stationary was reached).

To analyze the effect of the operating conditions on UF resistance, the second
response chosen was the cumulative flux decline (SFD), defined in previous studies
by Cojocaru and Zakrzewska-Trznadel, (2007), which is calculated from the following

relationship:

Jp(0) — Jp (D) Equation 4-2
SFD = Z . ®

where:

M is the number of experimental points required to achieve the quasi-stationary

permeate flux, in this study M =21 (corresponding to the end of the experiment);
J-(0) is the initial permeate flux measured at the initial time operation t,; and
Jp (i) is the permeate flux measured subsequently J, (i) > J,(0).
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This parameter give information about how the flux declines over the duration of the
experiment (not just the difference between the initial and final permeate flux), thatis
to say, it gives the intensity of membrane fouling fromthe start to the finish. Therefore,
the higherthe SFD value, the faster and more noticeable isthe flux decline, indicating
that the membrane fouling is more severe. In addition, the average flux decline index
(FD) provides information on the decrease of feed permeate flux throughout time

experiment and can be estimated as follows:

tmJ,(0) — Jp (t) Equation 4-3
[ f 1e20) —Jett) 11l 2 100 q

ty O
To evaluate the UF efficiency in removing organic matter, the COD rejection rate was

chosen as the third response parameter, calculated as:

C Equation 4-4
R(%)=1—C—”*100 a
f

where: C, and C, are the COD concentration (mg/L) in the permeate and feed,

respectively.
4.3.6 Experimental design based on the Taguchi method

An experimental design based on the Taguchi method was used to design the
experiments. The Taguchi method applies fractional experimental designs, called
orthogonal arrays (OA), to reduce the number of experiments required to determine
the optimum conditions based on the results (Alsaadi and Sheeraz, 2020; Idris et al.,
2002; Reyhani etal., 2015; Rezvanpour etal., 2009). One of the important steps in the
Taguchi approach is the appropriate selection of OA, which depends on the number of
control factors and their levels. The minimum number of experimental trails required in
an OA is given by Nmin = (L-1)F+1, where F and N are the number of factors and levels
respectively (Park, 1996; Phadke, 1989).

As mentioned above, the four factors (parameters) chosen were the transmembrane
pressure, the cross-flow velocity, the temperature and the molecular weight cut-off of
the membrane; and three response variables were analyzed: the average permeate
flux, the COD rejection and the cumulative flux decline. The selected factors, their

designated symbols and levels are presented in Table 4-2.
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Table 4-2 - Process parameters and their levels.

Levels
Parameters Labels
L1 L2 L3
TMP (bar) A 1.0 2.0 3.0
CFV (m/s) B 0.463 0.752 1.041
Temperature (°C) C 150 225 300
MWCO (kDa) D 10 50 100

« MWCO=Molecular weight cut-off.

According to the Taguchi method, an experimental design should be selected for the
controllable factors and their levels as this helps to determine the lowest number of
experiments possible. For an experimental design with four factors and three levels for
each factor, an L9 (3% orthogonal array was selected. In this case, 27 runs were
conducted (three repetitions at each trial condition). With the traditional factorial
methodology (full factorial experimentation 34), 243 (= 3x81) experiments would have
beenrequired. Thus, the numberof experiments required was drasticallyreduced. The
design of the experiments planning matrix for the L9 array (Phadke, 1989) is shown in
Table 4-3.

Table 4-3 - Experimental layout using L9 (34) orthogonal array in accordance with the Taguchi
method.

Levels
Experimental trial n°.

© 0O N O O~ W N R

W W W N NN PP PR
W N P WN R WN R m
N P W FEr WN WwWN RO
P W NN RFP WwWw N RO

< All experiments were carried out in a randomized run.

The aim of this DOE was to determine the operating parameters (factors) under which

the average permeate flux and COD rejection rate achieve their maximum values, and

117



4 Chapter: Process Optimization via Taguchi Method

the SFD achieved its minimum value. The Taguchi method uses a statistical measure
of the process performance, called signal-to-noise (S/N), which depends on the
criterion for the response variable to be optimized. The S/N ratios are dividedinto three
different categories and data sets, the larger-the better, the smaller-the-better and the
nominal-the-better (Beril Gonder et al., 2011; Reyhani etal., 2015). In this study, the
system was optimized when the average permeate flux and COD rejection rate were
as large as possible Equation 4-5), and the SFD was as small as possible Equation
4-6):

1o 1 Equation 4-5
The larger — the — better (S/N) = —10 log —z vz
Rl
1w Equation 4-6
The smaller — the — better (S/N) = —10 log —z Y?
=
where:

(S/N) is the signal-to-noise ratio (dB);
n represents the total number of repetitions in a trial; and
Y; is the response parameter at each experiment.

The sequence of steps to be followed using the Taguchi method to optimize the UF
process is shown in Figure 4-1.

118



4 Chapter: Process Optimization via Taguchi Method

Start |
¢ Define the response parameters and the

objective functions
e |dentify control factors and variables levels

‘ Problem formulation
‘ (Taguchi criteria) |

| .

Design of | J- Selection the appropriate (OA)
Experiment (DOE) l- Perform the experiments

Select new
setting

“e Transform the results into (S/N) ratios
» Plot the response plots in order to determine the
optimum values
¢ Analyse the results using (ANOVA).
e Utility function

Analysis of results

e Conduct the verification test using the predicted
Experimental optimal conditions

No

Validations ¢ Calculate the experimental response based on a
95% confidence interval

| Yes

Stop

Figure 4-1 Flow diagram of Taguchi method steps to optimize a UF process to remove DCS
from paperboard mill treated effluent (Kumar and Singh, 2014; Roy, 1990).

Minitab Statistical and Statgraphics Centurion XVIl Software were used to analyse the

Taguchi experiments and optimize the operating conditions.
4.3.7 Utility concept

The implementation of the utility concept in the Taguchi method helps to obtain the
best combination of operating parameters to optimize multiple response S/N ratios
(MRSN) simultaneously by differentiating the relative importance (weights) of various
responses (Baruaet al., 1997; Goyal et al., 2016; Kaladhar et al., 2011). In this work,
it is assumed that the overall utility is the sum of each individual utility’s response and
it can be written as (Bunn, 1982; Kaladhar et al., 2011):

U(%y, %y, o Xp) = £[U; (%), U, (%), ... Uy (x,)] Equation 4-7

where;
U(Xsz, ..X, ) is the overall utility of n response parameters; and

U; (x;) is utility index of i response.
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The response variables can be attributed priorities depending upon the process goals
to be achieved. The priorities can be adjusted by providing a weightto the individual
utility index. Therefore, by assigning weights to the response variables, the overall
utility function can be expressed as:

1 Equation 4-8
U(Xl, Xy ...xn) = z W, U; (x;)
i=1

where,

W, is the weight assigned to the i response characteristic.

It is worth noting thatthe assignment of weightsis a purely subjective (empirical) step
anddepends on each experimentor process that will be carried out (Kumar and Singh,
2014). Therefore, in this paper, the Analytic Hierarchy Process (AHP) method,
developed by Saaty, (1980) was used to determine the associate weight criteria for
each response variable in the multiple optimization required to calculate the overall
utility index. The relative normalized weight Wi of each criterion is calculated using the
AHP geometric mean method GMi on the rows in the pairwise comparison matrix,
Al ai]|and it can be calculated from the follow equation (Saaty, 1980):
W, = ZMGIVgM Equation 4-9
i=1 M
where:

i,j =12, ..,M and M is the number of factors in judgement matrix A.

aU=1fOI’L =j,

1 .
a; = —fori #j.

5] al]

In addition, the total sum of the weightfor all the responses must be assignedto hold

the following condition:

1 Equation 4-10
z Wi = 1
i=1

For this optimization, as stated above, the objective was to maximize permeate flux
and COD rejection rate, and minimize the SFD, simultaneously. From the utility

concept, the MRSN of the overall utility value is given by Equation 4-11.
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Hmrsn = Wy, By + Weop rejectionHz T+ Wspp s Equation 4-11
Where:

u, = —10log (i) Equation 4-12

- 2

Jp
— Equation 4-13
b, = —10 log( )
’ CODrejection2

_ 2
uz = —10 log(SFD*) Equation 4-14

Wi, Weop Rejections & Wspp are the weights assigned to the permeate flux, COD
rejection rate and SFD.

It is worth mentioning that the utility function is of the “higher the better” type. If the
composite measure (the overall utility) is maximized, the quality characteristics
considered for the evaluation of utility will automatically be optimized (maximized or
minimized) (Kumar and Singh, 2014).

4.3.8 Optimum performance prediction

Once the optimum level of the operating conditions has been selected, itis possible to

predict and verify the utility responses using the optimal parameters. The predicted
response values under optimum conditions (Y;,,) can be calculated from Equation

4-15 (Kansal et al., 2006; Ross, 1996) :

Equation 4-15

Vope = m + Z[(mi,,-) —m]

where:

m is the overall mean value of uygsy OVer nine trials;
(m;;) is the mean value of the quality response under optimum conditions; and
p is the number of significant operating parameters that affect the UF process.

The 95% confidenceinterval forthe confirmation experiments (Clce) mustbe evaluated
at the selected error level according to the following expression (Kansal et al., 2006;
Phadke, 1989; Ross, 1996) :
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) Equation 4-16

1 1
Clegg =+ Ex(l,fe)xMSe( + —
Nesr R
where, F,(1,f,) is the F-ratio at a confidence level of (1 — ) againsta DOF equal to

one and an error degree of freedom f, and,

N Equation 4-17
n =
/T ™ 1 + (DOF of all factors used to estimate the mean)
where:

N is the number of experiments;
R is the number of repetitions;
ness i the effective sample size; and
MS, is the error variance.
4.3.9 Analysis of variance (ANOVA)

In order to determine the relative importance of the factors, ANOVA was employed by
calculatingthe sum of squares (SS), degrees of freedom (DOF), mean of square (MS),
associated F-test of significance (F) and percentage contribution (P%) as follows

(Montgomery, 2008) as indicated in the following equations :
ka

A7\ T?
SSp = — -5
i=1 A

Equation 4-18

where:

k, is the number of the levels of the factors;

A, n, is the number of all observations at level i of factor 4;
4; is the sum of all observations of level i of factor 4;

T is the sum of all observations; and

N is the number of experiments.

The SS of error is computed using the following equations:

SS, = SS; — (S5, + SSp + ) Equation 4-19

where, S5, is the total SS:
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N , T? Equation 4-20
557 = Z vt -
Where, y, is the observation of i.
The total DOF is defined as N —1, and the DOF for each factor is estimated by DOF, =
k,—1.
F —value is calculated from the following Equation 4-21.:

F, = M_SA Equation 4-21
MS,

MS, is calculated by dividing the sum of squares by the degrees of freedom of factor

A and MS, is the variance of error.

The percentage contribution P(%) for each factor is defined as the portion of total

observed variance in the experiment for each significant factor, it is calculated by

dividing the source’s netvariation (S’) by SS;, which given as follows:

SS, — (DOF, x MS Equation 4-22
SS,
Where:
S, =SS, — (DOF, xMS,) Equation 4-23
4.4 Results and discussion

4.4.1 Design of experiments and experimental results

As previously mentioned, permeability tests were carried out prior to each Taguchi
experiment with pure water as the feed, in order to determine the intrinsic resistance

of the membrane (Rm) for each membrane used, as illustrated in Figure 4-2
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Figure 4-2 - Volumetric flux as a function of transmembrane pressure for PES membranes of
different MWCO (T = 22.5°C).

The specific resistance values obtained from the permeability test (Equation 3-2) for
the membranes of 10, 50 and 100 kDa were 3.46x1012, 4.56x102 and 9.88x1012 m™1,

respectively.

Measurements were taken after 120 min of the UF process, as this is the point when
quasi-stationary permeate flux was achieved. The values for the average permeate
flux, COD rejection rate and the cumulative flux decline caused by membrane fouling

for each trial experimentaccordingto the Tagucchi design is shown in Table 4-4.

The highestaverage permeate flux was obtained in Trial 8 (J, = 95.16 L-m2:-h-1) and
the lowest value was obtained in Trial 1 (J = 15.23 L-m2-h-1). The corresponding

average flux decline indices were respectively FD = 44.87% and a FD = 14.0%.
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Table 4-4 - Taguchi orthogonal array Ls (3*) for the operating parameters and experimental response parameters.

Trial Factors (parameters) Responses
n° TMP CFV T Cut-off Ip COD SFD
(bar) (m/s) (°C) (kDa) (L.m2h?) rejection (%)

R1 R2 R3 R1 R2 R3 R1 R2 R3
1 1.0 0.463 15.0 10 1523 2574 1597 46.25 489 4685 292 273 2.80
2 1.0 0.752 225 50 29.47 3285 29.18 3885 3583 3423 490 459 3.99
3 1.0 1.041 30.0 100 45.15 42.07 4779 4183 4177 4285 6.19 5.98 6.18
4 2.0 0.463 225 100 72.04 69.67 7430 3692 3423 33.75 8.07 7.68 7.06
5 2.0 0.752 30.0 10 4954  39.02 4143 5042 5096 5196 429 597 3.99
6 2.0 1.041 15.0 50 57.79 6781 53.69 47.69 46.25 46.85 3.77 4.22 4.56
7 3.0 0.463 30.0 50 59.14 5959 7357 4046 41.37 40.68 8.29 7.94 8.46
8 3.0 0.752 15.0 100 8250 9055 95.16 43.75 4385 4205 9.73 9.16 9.21
9 3.0 1.041 225 10 48.11 5032 4930 525 5346 5538 565 481 5.46

< R1, R2 and R3 is the number of repetitions for each trial.
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Figure 4-3 - Profile of the permeate flux through the operating time for each MWCO: (a) 10
kDa, (b) 50 kDa, and (c) 100 kDa.
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Figure 4-3 shows the permeate flux during the UF of PMTE for all the trials carried out
for Taguchi DOE (Table 4-3). From the Figure 4 3 it can be seen that for the same
MWCO, the permeate flux decreased with increasing TMP in all trials because of the
membrane fouling. Also, it can be observed that the decline of permeate flux can be
divided into two stages. At beginning of the process, the flux declined very quickly,
mainly in the trials that worked with higher TMP and MWCO, due to the membrane
pores becoming blocked more rapidly by adsorption and the accumulation of dissolved
and colloidal substances. Furthermore, immediately after pore blockage, the permeate
flux continued to decline due to the formation and growth of a cake layer on the
membrane surface, when the permeate flux declined more slowly until reaching a

guasi-stationary state (Song, 1998b).

In addition, an increase in TMP and CFV can be observed in Fig. 4-3 and Table 4-4
that led to a higher initial permeate flux due to a higher hydraulic driving force
(according to Darcy’s law) and adequate turbulence of fluid flow, this may have been
responsible for removing the concentrated layer of precipitations on the membrane
surface (Mulder, 1996; Wu et al., 2019; Xu et al., 2010).. On the other hand, an
increase in the TMP means that more colloidal and dissolved substances accumulate
on the membrane surface and are absorbed inside in the membrane pores. The cake
layer could form at higher TMP, resulting in an increase in the flux decline caused by

fouling resistance (Seyed Shahabadi and Reyhani, 2014).
4.4.2 Taguchiresults

The corresponding S/N ratio in decibels (dB) for the response parameters in different

trials are listed in Table 4-5.

In order to analyze the influence of each factor on the response variable, the S/N ratio
for a single factor can be determined by averaging the S/N ratios at their levels. The
range of the effectfor each factor (As) is calculated as the difference between the two
readings, the higherthe range, the stronger the effect of the factor, in other words, it

shows which parameter has the greatest effecton the response.
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Table 4-5 - Signal-to-noise results (mean + standard deviation (SD), three repetitions for each

experimental condition).

The mean S/N ratio response curves for each factor and the levels for the responses
are shown in Figure 4-4, it is worth mentioning that the peak points in these plots

correspond to the optimum condition.

QD
R

Average permeate flux (S/N)

Ip COD rejection SFD
Trial n° SIN ratio S/N ratio S/N ratio

Y1 Y2 Ys
1 24.88 £ 2.52 33.50 £0.25 -8,98 £ 0.28
2 29.65 + 0.57 31.16 £ 0.56 -13,13 £ 0.94
3 33.03 £ 0.55 32.49 £0.12 -15,73 £0.16
4 37.14 £0.28 30.85 £0.42 -17,64 £ 0.59
5 32.60 + 1.09 34.17 £0.13 -13,67 + 1.86
6 3541 +1.04 3343 +0.14 -12,46 + 0.82
7 36.01 £1.08 32.22 £0.10 -18,31 £ 0.28
8 39.01 £ 0.67 32.71 £0.20 -19,43 £ 0.29
9 33.84 £0.19 34.61 £0.24 -14,52 £+ 0.74
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Figure 4-4 - Mean effect curvesfor S/N ratios for a) the average permeate flux, b) COD

rejection rate, and c) the cumulative flux decline (SFD).

As can be seen in Figure 4-4, the variations (As) around the mean S/N value were
different for different factors. TMP and membrane MWCO had the greatest effect on
the average permeate flux as they have the steepest slope, As = 7.10 and 5.95

respectively.
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CFV was the next one with a As = 1.42, and temperature had the lowest variation
around the mean S/N value, with As = 0.78. Besides that, from Table 4-5, the overall
mean value was calculated as 33.59 (dB) from all the trial experimentresults. It can be
observed that the increase in J, was stronger when the TMP changes from 1.0 to 2.0
bar than when it changes over the range from 2.0 to 3.0 bar, this could be due to the
effects of polarization and cake compaction on the membrane surface. For CFV, the
slope of the line between the different levels are not the same (0.463 - 0.752 m/s is
higherthan at 0.752 -1.041 m/s), but with a small variation around the J, value. Also,
it can be seen for MWCO and temperature that the slopes from 10 to 100 kDa and 15
°C to 30 °C are almost the same. Therefore, the maximum average permeate flux can
be obtained for 3.0 bar, 100 kDa, 1.041 m/s CFV and high temperature (30°C).

Under optimum COD rejection conditions, a positive and larger value of S/N is desired
(Figure 4-4 (b)). In this study when comparing the S/N between different factors, it was
showed that the most significant variation around the mean S/N ratios is observed for
MWCO and CFV (As= 2.07 and 1.32 respectively). Also, it can be seen that the S/N
ratio increasedwith TMP and CFV and decreased with MWCO. Hence maximum COD
removal occurred at higher TMP and CFV (3.0 bar and 1.041 m/s), and 10 kDa. It is
worth mentioning that the DCS found in the PMTE are a mixture of high and low
molecular weight organic and inorganic compounds, thus the contribution of the
smaller particles gives lower rejection during high MWCO UF in membranes with 50
and 100 kDa MWCO.

Figure 4-4 (c), shows that an increase in TMP, temperature and MWCO caused a
decrease inthe S/N ratio for SFD, thatis to say, these factors intensifiedthe membrane
fouling effects. On the other hand, an increase in CFV induced an increase in the SN
ratio, thisresulted in a decrease in the fouling effect. The highestvariationsaroundthe
mean S/N ratio were found for MWCO and TMP (As = 5.21 and 4.81). Generally, the
permeate flux increased with increasing MWCO and TMP. However, under these

operating conditions, DCS in PMTE can easily pass through the membrane and
blocking can be observed within the pores and on the membrane surface.

In addition, the highest S/N ratio for the SFD factor (-8.98 + 0.28) was achievedin Trial
1, whereas the lowest S/N ratio (-19.43 £ 0.29) was obtained in Trial 8. The optimum

conditions that minimized the SFD (lowest level of fouling) were obtained atthe lowest
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TMP (1.0 bar), highest CFV (1.041 m/s), at temperature 15 °C and at the smallest
MWCO (10 kDa).

443 ANOVAresults

A statistical analysis of variance (ANOVA) was carried out to quantitatively determine
the effect of each factor on the UF process indicators, with the aim of estimating
whether the process parameters are statistically significant or not on the results

responses. The ANOVA results are shown in Table 4-6.

Table 4-6 - Analysis of variance (ANOVA) results for average permeate flux, COD rejection,
and SFD for each factor.

Responses Factors DOF SS MS F-value p-value
TMP (bar) 2 6357.68 3178.84 114.01  0.000
CFV (m/s) 2 54.76 27.38 0.98 0.394
Average Temperature (°C) 2 179.15 89.58 3.21 0.064
permeate flux
MWCO (kDa) 2 4546.30 2273.15 81.52 0.000
Error/others 18 501.90 27.88
Total 26 11639.80
TMP (bar) 2 73.55 36.78 21.70 0.000
CFV (m/s) 2 198.21 99.11 58.47 0.00
COD
rejection Temperature (°C) 2 82.58 41.29 24.36 0.00
MWCO (kDa) 2 607.95 303.98 17.34 0.00
Error/others 18 30.51 1.70
Total 26 992.79
TMP (bar) 2 46.48 23.24 96.57 0.000
CFV (m/s) 2 6.12 3.06 12.72 0.000
SFD Temperature (°C) 2 3.80 1.90 7.89 0.003
MWCO (kDa) 2 52.95 26.47 110.00  0.000
Error/others 18 4.33 0.24
Total 26 113.68
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In order to determine the qualitative significance of each factor on the responses,
Fisher’s test (F-value) was employed in the ANOVA analysis. An F-value is defined as
the ratio of variance due to the effect of a factor on the variance due to the inherent
error in the system (Ennil Kése, 2008). The F-value calculated using Equation 4-21
was compared to the critical F-value (Fcr) (Montgomery, 2008). A calculated F-value
lower than the Fcr-value means that the effect of that factor is not significant at the
selected confidence level or/and it is not important in comparison with the error term.
In this study, with four factors, three levels for each factor and three repetitions at each
trial condition, the DOF for each factor is 2 and the DOF for the error is 18, so the Fcr-

value at a confidence level of 95% is equal 3.55.

In accordance with the ANOVA table, for average permeation flux,the F-value for TMP
andMWCO (114.1 and 81.52, respectively) are greater than the Fcr-value. This means
that the variance of these factors is significant compared with the variance of error and
they have a significant effect on the response. On the other hand, temperature and
CFV had no meaningful qualitative effect on J,, as their F-values were less than the
Fcr-value. Furthermore, COD rejection rate and SFD presented F-values for all factors
greater than the Fcr-value which means thatthe effect of these factors is significant at

the 95% confidence level and they have a meaningful qualitative effect on responses.

Anotherstatistical tool thatis helpful forqualitative evaluation in ANOVA,isthe p-value,
which is used to indicate which factors had a significant effecton the responses. The
smaller the p-value at an a level of significance, the more significant is the
corresponding factor (Cochran, 1992; Myers et al., 2016). In this study, based on p-
values at the 95% confidence level (a = 0.05), all the factors had a statistically
significant (p-value <0.05) effecton the COD rejection rate and SFD. For J,, CFV and
temperature had a p-value higherthan 0.05 (see Table 4-6), thus the effect may be
regarded as insignificantand it can be ignored.

The use of the percentage contribution (P%) in ANOVA analysis is helpful for the
quantitative evaluation of the factorial effects of the performance indicators. It was
calculatedusing Equation 4-22 as described in the Materials and Methods section. The

P% of all factors on average permeate flux, COD rejection rate, and SFD are shown in

Figure 4-5, to determine the order of importance of the factors.

132



4 Chapter: Process Optimization via Taguchi Method

70 [ [ T
TMP (bar)
B CFV (m/s)
60" Il Temperature (°C)
Bl MWCO (kDa)
50} Bl Eror |
S
c 40
8
5
@]
= 30
c
o)
@)

N
o

[EEY
o

Average permeate flux COD rejection SFD

Figure 4-5 - ANOVA results for the percentage contribution of each factor to the
response processes.

Therefore, TMP (P% = 54.62) was the most important factor on average permeate flux,
as higher pressure resulted in higher permeate flux, according to Darcy’s law (Mu lder,
1996). MWCO (P% =39.06) was the second most important factor, followed by
temperature and CFV. For the COD rejection rate, the order of importance for the
factors is as follows MWCO > CFV > temperature > TMP. In addition, MWCO and TMP
(46.57% and 40.89%, respectively) were the most significant parameters on
membrane fouling resistance, followed by the CFV and temperature. TMP and MWCO
were the most important factors for responses. Higher TMP and MWCO resulted in
higher permeate flux. However, more intensive flux decline, due to membrane fouling,

occurred at higher permeate flux.

It is important to mention that the values reported as due to error resulting from
uncontrollable noises should be below 50% for the results to be reliable (Génder et al.,
2010; Pourjafar et al., 2013; Reyhani etal., 2015). Therefore, it can be seen in Figure

4-5 that for average permeate flux, COD rejection rate and SFD, the error values are
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4.31%, 3.07% and 3.81%, respectively. This means that the error values for the

experiment are not significantfor the UF process.
4.4.4 Optimum results obtained from the Taguchi method and utility concept

The aim of optimizing the process was to find the operating conditionsthat led to a
maximum average permeate fluxand COD rejection rate based onthe levels that gave
the highest S/N ratios for the factors (desirable values) and to minimize the SFD, that

is, the levels that gave the smallest S/N ratios (adverse values).
4.4.4.1 Analysis of individual response optimization

After identifying the optimum operating conditions, the optimal responses were
predicted individually using the Taguchi method and ANOVA. Table 4-7 presents the
Taguchi prediction results for the optimum conditions for average permeate flux, COD

rejection rate and SFD.

Table 4-7 - Individual Taguchi predictions for average permeate flux, COD rejection
rate and SFD.

Optimum operating  Significant

conditions factors Predicted optimal responses
Response S/N ratio
parameters (dB) Main
Jp A3, B3, C3,D3 A D 38.19 81.20 L. m2ht
COD Rejection A3,B3,C1,D1 A /B, C,D 35.26 57.92 %
SFD Al,B3,C1,D1 A B,C,D -5.10 1.80

According to the Taguchi predictions, the average permeate flux at TMP 3.0 bar, CFV
0.752 m/s, at 22.5 °C and with a 100 kDa MWCO, achieves 81.20 L/m?/h .The COD
rejection rate predicted under optimum conditions indicates a 57.92% rejection, higher
than any value obtained in the DOE combinations. For the SFD under optimum
conditions estimated by the Taguchi method, the minimum SFD predicted is
approximately 1.80, equivalentto a FD of 8.65%.

4.4.4.2 Analysis of multi- response optimization

As mentioning above, in order to determine the weightfor each response variable, a
pair-wise comparison matrix was compiled using the AHP method as presented in
Table 4-8.
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Table 4-8 - Pairwise comparison matrix.

Response M1 U2 M3
Up 1.0 5.0 2.0
Uo 1/5 1.0 1/4
U3 1/2 4.0 1.0

Thus, the weights assigned to response variables were Wip = 0.568, Wcob Rejection =
0.098 and Wsrp = 0.334. The consistency ratio index (CR) is used to evaluate the
consistency of AHP estimates. In this case it was calculated as 0.021, which should
be less than the allowed value of CR = 0.1, this means that the pairwise comparison

matrix was considered acceptable.

The overall utility index for the pyrsy Was calculated using Equation 4-11 with values
associated with the weights of each response, using the lager the better (S/N) and the

results are presented in Table 4-9.

Table 4-9 - Utility value based on UF responses (Jp, COD rejection, SFD).

Utility value
Trial n°
R1 R2 R3
1 13.60 16.42 13.96
2 15.19 15.81 15.64
3 16.69 16.43 16.99
4 18.11 18.03 18.58
5 18.37 16.24 17.72
6 19.45 19.89 18.53
7 17.14 17.32 18.17
8 18.39 19.02 19.27
9 17.46 18.16 17.32

« R1, R2 and R3 is the number of repetitions of the experiment.

ANOVA analysis was also performed for the multiple response parameters usingthe

utility concept. From Table 4-10, it is clear that when F-value is compared with Fcr

(3.55), TMP, MWCO and CFV had a qualitatively significant effect (at a confidence

level of 95%) on pyrsy- The percentage contributions extracted from the ANOVA table

were also used to determine the significance of each operating parameter in the

process. The P% values were arranged as follows: TMP>MWCO>CFV> temperature.
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Therefore, according to the results in Table 4-10, TMP and MWCO were the most

important factors in optimizing the multi-response UF system.

Table 4-10 - ANOVA analysis results for multi-response UF (overall utility function).

Responses Factors DOF SS MS F-value p-value P (%)

TMP (bar) 2 38.85 19.43 35.50 0.000 60.93

CFV (m/s) 2 5.84 2.92 5.34 0.015 9.16

Utility Temperature (°C) 2 0.94 0.47 0.86 0.440 1.47
concept

MWCO (kDa) 2 8.28 4.14 7.57 0.004 12.99

Error/others 18 9.85 0.55 15.45

Total 26 63.76 100.0

The optimum operating conditionsforthe simultaneousresponse were obtained based
on the criteria that both J,and COD rejection rate must be maximized and SFD should
be minimized. The variation in the overall utility for the operating parameters at different

levelsis presented in Figure 4-6.

TMP (bar) CFV (m/s) T(°C) Cut-off (kDa)
18,5

18,0
17,5 \/.
17,0
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Overall utility value

16,0

15,5
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Figure 4-6 - Effectof process parameters on mean utility value (J,; COD rejection
rate, SFD).

It is clear from Figure 4-6 that the optimal combination of operating conditions

(maximum value of the overall utility) was found atthe second level of transmembrane
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pressure (2.0 bar), the second level of cross-flow velocity (1.041 m/s), the first level of
temperature (15°C), and third level of MWCO (100 kDa).

Once the optimal levels had been selected the next step was to estimate the multi-
response S/N ratio and predict the optimal values for the simultaneous optimization

response, calculated using Equation 4-15 and presented in Table 4-11.

Table 4-11 - Optimum conditions for multi-response UF predicted using the utility
concept.

Method Response Optimal conditions  Optimal values
Hmrsn (dB) 19.82
) Jp (LUm?h) 77.22
Multi - response A2B3C1D3
COD (%) 45.69
SFD/ FD 6.24 /30 %

4.45 Confirmation experimentunder optimum conditions

After determining the optimum operating conditions for the overall utility value and the
significance of factors, validation experiments (for multi-responses) were carried out at
the optimal levels in order to validate the predicted UF responses suggested using the

Taguchi method with utility concept (Kaladhar et al., 2011; Ross, 1996).

The observed permeate flux results as a function of time under optimized conditions
during the UF of PMTE are plotted in Figure 4-7. As described previously, the flux
decline was mainly the result of two phenomenon, pore blocking and cake layer
formation, which mostly occurred in the first hour of the process (Reyhani et al., 2015;
Sousa et al., 2018). During the first 30 minutes of the UF, the flux decreased by
22.63%. Furthermore, immediately after pore blockage, the permeate flux continuedto
decline due to the formation and growth of a cake layer until the system approached
the quasi-steady state. Atthe end of the process (after 2 hours), the final permeate flux
was about 67.0 L/m?h and flux decline around 39.72%, which confirms that the
membrane fouling took place with a higherrate in the first 30 minutes and at a slower
rate when the system had achieved a steady state. Therefore, the observed
experimental values of average permeate flux and cumulative flux decline were about
81.15 L/m?/h and 6.01 (SFD equivalentto a FD of 28.96 %).
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130 O optimum conditions : 100 kDa membrane at TMP= 2.0 bar, CFV =1.041 m/s, T = 15°C
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Figure 4-7 - Permeate flux as a function of time under optimized conditions during UF of
PMTE: PES 100 kDa membrane at TMP= 2.0 bar, CFV =0.752 m/s, and T = 15 °C.

The total resistance (R,) atthe end of the 2-hourexperiment underoptimum conditions
was 1.13.10¥m1, which is formed from: intrinsic membrane resistance (Rm = 3.40 x

1012 m™1) and resistance of the fouled membrane (R = 7.91 x 1012 m™),

In addition, the membrane surface morphologies were observed by FESEM. Figure
4-8 shows the images of the membrane (PES 100 kDa) before and after the UF
experiments were carried out. As can clearly be seen, before UF there is no blocking
on the pores and no cake layer on the membrane surface. Figure 4-8 (b)-(c) shows
the surface of the membrane fouling after 30 minutes and after 2 hours. In both cases,
the images show the existence of pore blocking due to DCS adsorption within the
membrane pores and sediments deposited on the surface (cake layer) acting to resist
the UF (Reyhaniand Hemmati, 2014). Figure 4-8 (d) shows the morphologies of the

sediments (foulants) on the membrane.
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(a) (b)

(c) (d)

Figure 4-8 - FESEM image of fresh and fouled membranes (PES 100 kDa) at different
operating times, (a) clean membrane surface, (b) membrane surface fouled after 30
min filtration, (c) at the end of the UF (2 hours) with pore blocking and cake layer (d)
membrane foulantsediments.

Furthermore, it can be seen that the membrane was indeed fouled after 30 minutes
filtration. However, the FESEM images of the membranes after filtration, at 2 hours,
were highly similarto the membranes after 30 minutes filtration. It may, therefore, be
concluded that the permeate flux decline might result from the pore blocking as

opposed to the formation and growth of the cake layer on the membrane.

Additionally, to verify the permeate applicability for paper mill reuse, the physical and
chemical properties of the membane permeate obtained under optimal operational
conditions (PES 100 kDa membrane at TMP= 2.0 bar, CFV =0.752 m/s, and T = 15
°C) were compared with treated paper mil effluentused in as feed solution (Table
4-1). The results obtained (retention efficiency) for the physical-chemical
characteristics are given in Table 4-12. From the obtained, all properties showed high
retention efficiencies and proved the effectiveness of the UF under optimal conditions.
139



4 Chapter: Process Optimization via Taguchi Method

Table 4-12- Permeate quality (process performance) under optimum conditions, at the end of
2 hours operating.

Parameter UF Permeate Percent
quality removal (%)
TSS (g/L) 0.0002 99.57
Turbidity (NTU) 0.08 97.51
COD (mg/L) 81.8 43.90
Total nitrogen (mg/L) 0.53 33,75

Particle size (nm) 12.76- 24.36

The optimum predicted results at the 95% ClIce was calculated using Equation 4-16
and the observed experimental results for the response parameters are given in Table
4-13.

Table 4-13 - Summary and comparison of experimental and predicted optimal conditions for
PMTE.

Optimal  Optimal Confirmation %
Method Response - 95% Clce ) o
conditions values experiments deviation
Multi-  Jp(L/Im2h)  A2*B3*  77.22 68.16 < JP < 86.28 81.15 4.84
response  COD (%) C1D3* 45.69 43.45 <COD<47.92 43.90 4.07
SFD 6.24 539 <SFD<7.08 6.01 3.75

*,

« Significant at the 95% confidence interval.

Since the observed multi-response of the overall utility falls within the 95% confidence
interval for the optimal range of the response variables, it is confirmedthat the Taguchi
method and utility concept can be used to predict the response for any parametric
combination.
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45 Conclusion

In this study, the Taguchi method, utility concept and ANOVA analysis were used as
statistical tools to investigate the effects and significance of four operating parameters
and to optimize the UF process with respect to average permeate flux, COD rejection

rate and cumulative flux decline.

ANOVA was used to determine the most significant factors affecting the response
variables. From the percentage contribution, the order of importance of each factor in
maximum J, was TMP > MWCO > T > CFV; for maximum COD rejection rate it was
MWCO > CFV > T > TMP; and to achieve the minimum SFD: MWCO > TMP > CFV >
T.

The optimum UF operating parameters, based on the Taguchi method and utility
concept, were found at TMP (2.0 bar), CFV (1.041 m/s), temperature (15 °C) and
MWCO (100 kDa). Under these optimum conditions, J,, COD rejection rate and SFD
resistance of 81.15 L/m?h, 43.90% and 6.01 (around 28.96 % of FD), respectively,
were obtained and they were within of the predicted range at the 95% confidence

interval.

Measurements of turbidity, COD and particle size in the permeate showed a significant
decrease 3.21 to 0.0002 NTU, 146 mg/l to 81.8 mg/l and 458 — 1281 nmto 12.71 -
24.36 nm, respectively, which confirms a substantial reduction in colloidal compounds.
It can, therefore, be said that UF is suitable for removing dissolved and colloidal

substances from wastewater effluents from recycled paperboard manufacturing.

The results demonstrate the validity of the approach of using Taguchi method and
utility concept to obtain the optimal membrane conditions for the wastewater treatment

using a reduced number of experiment.

Finally, this study could be used as a guideline for operating UF systems applied as a

tertiary treatment for paperboard mill treated effluents under optimal conditions.
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51 Abstract

In thischapter, cross-flow UF is used to remove DCS from a secondary clarifier effluent
from WWTP in a papermaking factory. The approach has been to examine and model
the declinein permeate flux resulting from membrane fouling. UF experiments were
carried out in a laboratory-scale plant using a 10 kDa polyethersulfone (PES) UF
membrane in a flat sheet module with an active area of 154.8 cm?2. The transmembrane
pressure (TMP) (1-3 bar) and crossflow rate (1.5-4.5 L/min) were varied during the
experiments, at constanttemperature (22 £0.5 °C). Experimental results from UF tests
were expressed in terms of permeate flux (Jp) as a function of time to check modified
Hermia’s models adapted to crossflow filtration. The parameters of these models were
theoretically estimated. The predicted results were compared with experimental data
with a high goodness of fit. The results showed that the phenomenon controlling
fouling, under most of the conditions tested, was intermediate blocking (R? >0.96).
Measurements of particle size distribution and zeta potential near the isoelectric point,
showed a substantial reduction in colloidal compounds. Additionally, given that COD
was removed downto 110 mg/L, it could be said that UF is suitable for producing water

that can be reused in different papermaking processes.
5.2 Introduction

Ultrafiltration can be used as an advanced tertiary treatment to remove suspended
solids and DCS during the treatment of paper industry effluent. However, membrane
fouling limits the application and use of UF (Xu et al., 2019) and, currently, this
treatment technology can only be used to filter paper mill effluentthat has been pre-

treated and meets discharge standards (Puro et al., 2011a).

DCS mightplay a number of differentroles in membrane fouling. Colloidal substances
larger than the pores cannot pass through the membrane and they will be deposited
on the membrane surface blocking the pores. Dissolved substances that are smaller
than the membrane pore-size are adsorbed within the pores and/or deposited within
the membrane, shrinking the pore diameter and increasing membrane resistance. In
addition, once pores are blocked, other DCS can form a cake on top of the membrane,
adding additional resistance via another porous layer covering the membrane (Carroll
et al., 2000; Sanaei and Cummings, 2017).
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According to research performed by Chen etal. (2015a), reversible membrane fouling
during ultrafiltration accounted for 85.52% of total fouling. It primarily originated from
retention aids, drainage aids, polyacrylamide and wet strength resins. While
irreversible adsorptive fouling accounted for 14.48% and mostly came from sizing
agents, coating chemicals (oxidants for polyester or resin and polyester or resin
surface sizing agents) and other sources. Moreover, the presence of dissolved
multivalent metal ions, especially Ca2*, accelerated membrane fouling (Puro et al.,
2002b).

The empirical and theoretical mathematical models used to describe permeate flux
decline overtime for a UF process andto describe membrane foulingmechanisms can
be foundin the literature. Some of the most well known are described by Hermia.
(1982), Song. (1998b), (Ho and Zydney, 2000), Bhattacharjee et al. (2007), Velaet al.
(2008), Lin et al. (2008) and Corbatén-Baguena et al. (2015). In general, empirical
models are very accurate because they describe experimental results by fitting a
mathematical equation to the data obtained without considering any theoretical
parameters. Despite this, they cannot explain the fouling mechanisms involved in
membrane filtration. On the other hand, theoretical models can help in the
understanding of fouling phenomena, although they are less accurate if experimental
data are not used to estimate some of their parameters Lin et al. (2008).

The importance and the novelty of the current work comes from the need to advance
understanding of the behaviour of the UF process and its application for the removal
of colloidal organic matter from treated wastewater (effluentarisingfromthe secondary
biological reactor) in paper mills. Focused especially on the effects of dissolved and
colloidal substances on membrane fouling mechanisms. The study also included the
analysis of a dynamic model for permeate fluxdecline andresistance due to membrane
fouling (fouling resistance). The mathematical modelling used to verify the
experimental results was based on a pore blocking model for tangential filtration
adapted from Hermia's dead-end filtration laws (Hermia, 1982; Ohanessian et al.,
2020; Silva et al., 2020; Vela et al., 2008) and the resistance-in-series model at

constantpressure (Song, 1998).
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53 Materials and methods

5.3.1 Effluentsample used as feed solution

The PMTE used as feed solution and average physical and chemical composition are
described in Section 3.1.

5.3.2 Membrane fouling experiments

To identify the fouling mechanism, the membrane was contaminated using a sample
of an effluent previously treated by conventional filtration (Section 3.4), with the
following parameters: TSS 0.012 g/L, turbidity 39.5 NTU, COD 252 mg/L, DOC 130
mg/L and particle size distribution 158.9 nm — 1642 nm.

Membrane fouling was analysed in two stages. The first was based on the pore
blocking model (Section 2.5.1), which is responsible for the initial permeate flux
decline,and the second was based on the modelling of cake formation (Section 2.5.3),
which isthe cause of long-term gradual flux decline. The data predicted by the model
were compared with the experimental results obtained in the membrane fouling

experiments as shown in results and discussion (Section 5.4).
5.3.3 Fouling models for cross-flow filtration
5.3.3.1 Pore blocking description

Hermia. (1982) developed four empirical models for constant pressure in dead-end
filtration process, that correspond to four basic types of mechanisms for membrane
fouling: complete blocking, intermediate blocking, standard blocking and cake layer
formation. Therefore, some studies have been carried out to adapted pore blocking
models to crossflow filtration in order to predict permeate flux decline (Brido and
Tavares, 2012; de Barros et al., 2003; Field et al., 1995; Jacob et al., 1998; Vincent
Velaet al., 2009). The general form of the equation forthe four fouling mechanisms in

cross-flow filtration is shown in the following equation:

dJ .
_d_f: = k(]p _]ss)']pz

where, the terms J, is the initial permeate flux (m/s) calculated at time t=0; t is the

Equation 5-1

filtration time (S); J,, can be considered to be steady-state permeate flux (m/s); k

(depends of the pore blocking mechanism) and n (dimensionless) are a

phenomenological coefficientand a general index, respectively, both depending on the

150



5 Chapter: Modelling Approach to an Ultrafiltration Process

fouling mechanism, the TMP, the dynamic viscosity of the permeate, the blocked area
per unitof permeate fluxandthe membrane resistance (Rm) (Field et al., 1995; Vincent
Velaet al., 2009).

The integration of Equation 5-1 gave the distinct pore-blocking mechanisms as a
function of the index n. The equations relating the permeate flux vs. filtration time for
the individual models are given below in Table 5-1.

Table 5-1 - Fouling mechanism for constant flow rate in cross-flow UF (Field et al., 1995).

Fouling m Fouling concept Fouling models Eqg.
mechanism
Complete 2 Pore sealing Jp =Jss + (o — Jss).e7Kct
blocking 5-2
Intermediate 1 Pore sealing and _ JooJss. eidsst
blocking membrane deposition P Jss +Jo(eXiJst — 1) 53
Standard 1.5  Pore walls restricted ] = Jo
b=
blocking (1 +]0/2 K, ) 5-4
Cake 0 Cakelayers on surface ]p Jo—Jss
. ]ss gl 't = In
formation 0 Jp =Jss 5-5

. (JLL)
ss ) To

The predicted permeate flux was calculated after optimization of fouling resistance
coefficients (K.,,K;;,, K, and K_.,).

The algorithm used to optimize K parametrs is schematically represented in Figure
5-1.
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Experimental data
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Initialization of K|,

A

m
. 2
mKln Z(]j,exp - ]j,pred )
j=1

]j,pred =]pUOJK'n' t])

A\ 4

Predict the membrane K for each one Hermia’s model

Optimized permeate flux decline vs. Time

Minimized least square value

Figure 5-1- Algorithm for the parameter K optimization.

5.3.3.2 Determination of the sum of squared deviations and average relative

error

The non-linear regression analysis was employed in order to minimize the overall
difference between experimental and predicted permeate flux obtained during UF
PMTE.

The success of fitting were evaluated in terms of the standard error of the estimate

(SEE) and regression coefficient (R?). They can be calculated by the Equation 5-6 and
Equation 5-7:

SEE = min
K

m

1 2

m—2 Z(]j,exp _]j,pred) Equation 5-6
j=1
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N Ujexp =) prea)”
_ . j.exp ~ Jj,pred
R* =1~ mez Equation 5-7

j=1 (]j,exp - ]_exp)2
where:

Jexp @nd J,,q are, respectively, experimental permeate fluxand predicted permeate

flux, m is the data points at filtration time.
3.2 Constant-pressure filtration and cake formation

The resistance-in-series model is based on the fact that flux declineis comprised of
different factors, including pore adsorption, pore blocking, cake formation, and
concentration polarisation (Mulder, 1996). In this model, permeate flux through a
membrane is proportional to the applied pressure and inversely proportional to the
resistance caused by the cake layer and the membrane and governed by the general

filtration equation (Darcy’s law) given as:
AP — AP,
p[ Ry + R (0)]

I = Equation 5-8

The hydraulic resistance due to the cake formation R, can be considered as the sum

of three deferent factors: R,,, the polarisation layer resistance; R,,, the fouling

pl’
resistance caused by particle adsorption; and R, the fouling resistance, which can be

divided into irreversible and reversible.

As described in section 2.5.3 the Equation 2-34 can be integrated and solved for J,, to

give an expression to predict the flux decline, the cake resistance and the growth in

cake layer as a function of time () (see equations below):

Equation 5-9

-1
(AP—AR)(  2n.(AP—AR)Cy /2
R, R, * C

a

J,(®) =

m bm

R.(t) = Ry, (1 +

Y
2r.(AP —AP.)C 2
re( C)—°t> -1 Equation 5-10

R,,° C,
and,
_1/
R 2r.(AP — AP.)C 2 . )
5(t) = bm <1+ ( _ c)_0t> 1 Equation 5-11
e Rbm Cg

153



5 Chapter: Modelling Approach to an Ultrafiltration Process

54 Results and discussion

5.4.1 Membrane characterisation

The experimental data for the pure water permeate through the membrane (Membrane
characterisation section 3.5.2) were used to evaluate the membrane hydraulic

resistance (R,,) accordingto Darcy’s law:

AP Equation 5-12

e =Ry

The values obtained for membrane resistance as a function of the applied
transmembrane pressure are shown in Figure 5-2.

80F
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Figure 5-2 - Pure water permeate flux vs. applied pressure. TMPs (1.0, 1.5, 2.0 and 3.0 bar)
at 22 °C, crossflow rate of 4.5 L/min and operation time 2 h. The value obtained for the R,,
for the flat sheet 10 kDa PES membrane was 1.629 x10*?(m™).

5.4.2 Physical and chemical aspects of PMTE after the ultrafiltration process

It is interesting to observe the performance of the separation by ultrafiltration from a
physical and chemical point of view before evaluating the modelling of membrane
fouling and pore blocking mechanisms. The results obtained for the physical-chemical
parameters are given in Table 5-2.
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Table 5-2 - Physical-chemical parameters of the effluent treated by conversional filtration and

ultrafiltration separation.

Parameter Conventional Ultrafiltration
filtration by (5um) sepration
Turbidity (NTU) 39.5 0.2
COD (mg/L) 252 110
TSS (g/L) 0.012 0.0001
SS (ml/L) 0 0
DOC (mg/L) 130 110
Conductivity (ms/cm) 3.56 3.06
pH 7.8 8.5
Total nitrogen (mg/L) 1.7 1.1
Temperature (°C) 24.0 24.0
Particle size (nm) 158.9-1642 99.10 -334.2

Ultrafiltration removed 54.36% of COD from the treated wastewater (effluent from
WWTP) as compared to that of the secondary biological reactor, indicating that a
considerable portion of the organic matter is colloidal. Removal of nitrogen could be
observed, with areduction from 1.7 mg/L to 1.1 mg/L (64% removal). Suspended solids
were almost completely removed by the conventional filtration (filter with a pore size of

5 mm) and UF, with a total decrease of 99%.

The turbidity was reduced by 99.5% after ultrafiltration treatment and the particle size
distribution in the secondary biological reactor effluent greatly decreased from the
range 188.7 - 5499.03 nm to 99.10 - 334.2 nm following UF. Both parameters
demonstrated the effective removal of macromolecular colloids from recycled paper

and cardboard process water.

The concentration of dissolved organic carbon before and after ultrafiltration is
practically the same, less than 15% was removed by UF, results that were expected.
Conductivity was around 3.06 mS/cm after UF treatment, a less than 14% decrease; a
possible explanation for this effect may be that the UF process cannot remove

electrolyte complexes of the dissolved and colloidal substances.
5.4.3 Pore Blocking Mechanism

To identify the mechanism of pore blocking during PMTE ultrafiltration, itwas adopted

the comparative study between experimental permeate fluxanddifferent mathematical
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models for flux decline, as shown in other studies (Corbatén-Baguenaetal., 2017; de
Barros et al., 2003; Field et al., 1995; Gimenes et al., 2014; Velaet al., 2008).

The flux decline curves were analysed using blocking laws adapted to cross flow
filtration Equation 5-1 (Hermia, 1982) to determine the fouling mechanism. The
parameter k was estimated and fitted to four blocking models according the nonlinear
regression optimization procedure implemented in MATLAB® software (Appendix B).
The Figure 5-3 -Figure 5-5 present the fitting of the experimental UF data to Hermia

blocking model, at the pressures indicated below.

x .10-5 Complete blocking model X .10-5 Intermediate blocking model

167

14f°

0.8 - - ‘ - . . . .
0 2000 4000 6000 8000 %% 2000 4000 6000 8000
Time (s) Time (5)
X 10 Standard blocking model x 107 Cake formation model

J (mis)

0 20'00 40'00 60‘00 80‘00 0 20|00 40|00 6000 80|00
Time (s) Time (s)

Figure 5-3 - Hermia'’s pore blocking models fitting for recycled paper wastewater 10 kDa

PES membrane filtration experiments, at 3 bar.
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Figure 5-4 - Hermia’s pore blocking models fitting for recycled paper wastewater 10 kDa

PES membrane filtration experiments, at 2 bar.
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Figure 5-5 -Hermia'’s pore blocking models fitti_ng for recycled paper wastewater 10 kDa PES
membrane filtration experiments, at 1 bar.

The quality of the fitting models for each operating condition tested were examined
usingthe standard error of the estimate (SEE) and regression coefficient(R?), between
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the numerical predictions and experimental data. The results of the fitting accuracy for

all pore-blocking models tested (adapted to crossflow UF) are showed in Table 5-3.

Note that the SEE and R? values for each fitted pore-blocking model vary depending
on the operating conditions used (TMP). Then shows that at 3 bar the best fitting
model, and thus the lowest SEE and highest R? value, was for the intermediate
blocking model with SEE and average R? values of 2.48x107(m/s) and 0.967,
respectively. At 2 bar, a good fit was noted for the approximation between complete
blocking (SEE=1.55 x10-/(m/s) and R?=0.972) and intermediate blocking (SEE =1.79
x107(m/s) and R2=0.963). The differences between the experimental data and the
fitted model were the highestfor a low transmembrane pressure (e.g. 1 bar), achieving
values down to 0.585 for all pore blocking mechanism as observed in Figure 5-5 and
Table 5-3. It is important to note that the membrane does not have a homogeneous
pore size distribution, thus fouling does not occur in the same way and at the same
rate at every pore.
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Table 5-3 - Pore blocking R?, fitting of Hermia’s models. Values for recycled paper wastewater 10 kDa MWCO PES membrane, ultrafiltration

experiments.
Complete Intermediate Standard Cake
blocking blocking blocking formation
TMP
(MPa) SEE R? Ke SEE R? Ki SEE R? Ks SEE R? Kg
-1\.107 -1\.107 -1 -1\.107 -1/2 o-1/2
(m.s™)-10 (m-)-10* (m.s™)-10 (m™) | (m.s™)-10 (mY2.s71/2) (M.s)-107 (s/m?)-10°
3.0 3.158 0.946 4.637 2.480 0.967 | 37.776 8.578 0.606 0.0282 2.779 0.958 3.468
2.0 1.550 0.972 3.914 1.793 0.963 | 50.778 3.371 0.872 0.0297 2117 0.948 6.706
1.0 0.862 0.568 || 15.320 0.846 0.583 || 345.67 2.76 0.124 0.0175 0.868 0.561 93.880
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Therefore, it can be concluded that for all cases the best fit to the experimental data
corresponds to the intermediate and complete blocking model followed by the cake
layer formation. However, for all operating condition tested (TMP) standard pore-
blocking did not fitted to the experimental data very well, it may be due to this model
considers that solute particles are smaller that the membrane pore size (Figure 2-14

(c)) andtherefore depositonthe pore walls of the membrane, thatis to say d <

particle

d,ore- IN addition, the materials accumulated on a membrane surface that cannotbe

removed by cleaning procedures (backwash)and/or cross-flow can lead to irreversible
fouling, resulting in permanent permeability loss and membrane fouling (Peng et al.,
2004)

Through the pore blocking models analysis it is also possible to suggest that the
colloidal matter is the main cause of the fouling as it forms a cake on the membrane.
This is related to the permeability of the cake structure and gel layer formed by large
colloids (i.e. >220 nm). In addition, dissolved substances are causing fouling by
precipitating on the membrane surface and becoming adsorbed within the membrane
pore space (dissolved material <220 nm). It is worth mentioning that the particle size
distribution in the feed stream after the conventional filtration was between 1642 -

158.9 nm, which suggests the presence of both dissolved and colloidal matter.

The composition of DCS is very complex, most of this is organic matter, which comes
from soluble carbohydrates, macromolecule such as lignin, anionic polymers, hetero -
polysaccharides such as hemicelluloses, lipophilic extracts of wood and papermaking
additives (Liang et al., 2011). It is important to mention that in this study measures
were not taken to characterise the foulant components responsible for membrane

fouling, which will be undertaken in future work.

5.4.4 Estimation of the Pore Blocking resistance (R,;)
The fouling resistance concerning to the predicted permeate flux by pore blocking
models, can be expressed by the Equation 5-13:

TMP ]
R,, = —————R, Equation 5-13
K- Jpb (pred)

where,

R,, is the theoretical resistance due to pore blocking mechanism;and

160



5 Chapter: Modelling Approach to an Ultrafiltration Process

Job(prea) 1S the permeate flux predicted by pore blocking models ( 5-2 -

5-5).

The membrane was fouled at different TMP of 1.0, 2.0 and 3.0 bar, to investigate the
influence of TMP on pore blocking resistance. The following operating conditions were
adopted in the test: 10 kDa PES membrane, at 22°C and 4.5 I/min. The fouling

resistance estimation (R,,,) are presented in Figure 5 6. and Figure 5-7.
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Figure 5-6 - Comparison of predictive pore blocking resistances as a function of filtration
time among different models at different TMPs for UF PMTE with10 kDa PES membrane:
(@) 1.0 bar, (b) 2.0 bar and (c) 3.0 bar.
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Figure 5-7 - Experimental and predicted pore blocking resistance distribution for PMTE at 10
kDaPES membrane and different TMPs. Averaged values of resistance was used and the
data was modeled using Matlab@ modelling programmes (Appendix B).

The result showed that the pore blocking resistance models presented good
agreements with the experimental data at different TMPs. Based on Equation 5-13,
TMP is a crucial driving force in cross-flow UF. Therefore, from Figure 5-6 and Figure

5-7, the highestresistance to pore blockage were observed with the increase in TMP.

It could be explained that higher TMP the process needs more feed of PMTE and the
organic foulants as proteins —like, fats acids and polysaccharides has more probability
to penetrate through the membrane porous and consequently decreased the porosity
by pore blocking, besides the accumulated on the membrane surface carry out cake
formation (Hou et al., 2017). This is because increasing the pressure means increase

in the hydrodynamics of mass transfer from the fouling layer to the bulk solution.
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The coefficient of residual variation (CV) between experimental data and model
predictions was used to evaluate the accuracy of the pore blocking resistance models,

calculated by the following equations (Strzelecki and Tomaszewski, 2018):

SEE
CV ==—=*x100% Equation 5-14

exp
Where]exp is the average experimental permeate flux.

The results of standard error of the estimate and coefficientof residual variation for the
pore blockingresistances are shown in Table 5-4. As it can be seen from the table,
with increasing TMP the differences between experimental data and fouling models
increase. The standard blocking model was poor in predicting fouling resistance for all
TMP, while atlower pressure (1 bar) lowest SEE and CV were found forintermediate,
complete and cake resistance, respectively (very close to each other). At higher
pressure (3 bar) intermediate and cake formation resistance were the best fitting with
lowest SEE and CV.

Table 5-4 - Pore blocking standard error of the estimate and coefficient of residual variation

between experimental data and Hermia’s models against TMP.

Experimental Cake Complete Intermediate Standard
resistance resistance resistance resistance resistance

TMP (m™).1013 (m.s1.101 (m.s?).101 (m.s?).1011 (m.s?).1012

CV CV CV CV

SEE| (%) SEE| (%) SEE| (%) SEE| (%)

1bar 2,61 563 215 560 214 550 | 2,10 1,68 | 6,44
2bar 3,57 10,7 | 348 7,91 256 921|298 165]| 533
3bar 3,49 738 244 781|259 659|218 237 784

Therefore, the intermediate and cake filtration mechanisms seems to be the main
fouling resistance in UF of PMTE both presents an increasing trend with increased
TMP and obviouslythe variations of intermediate blocking and cake formation increase

with filtration time (see Figure 5 6. and Figure5 7.).
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5.4.5 Predicting performance of constant-pressure filtration (membrane

fouling)

It has previously been shown that in an UF process under constant pressure, the
permeate flux declines as the resistance to the filtration increases, as the membrane
pores become blocked during cake formation by retained particles (suspended solids,
colloids and dissolved substances).

Furthermore, immediately after pore blockage, the permeate flux still declines due to
the formation and growth of a cake layer on the membrane surface (cake filtration). A
cake layer forms on the membrane surface as the growth of the retained particles
increasesaddingto the cake layer thickness (Song,1998, 1998b). The main reference
for the mathematical model used in this article to predict permeate flux decline due to
membrane fouling in an UF is the model proposed by Song. (1998) and Wang and
Song, (1999). Figure 5-8 showsthe fluxdecline for experimental ultrafiltration data and

theoretical modelling.
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Figure 5-8 - Comparison between experimental flux decline and theoretical model for
permeate flux with cross flow for a flat-sheet 10 kDa PES membrane in cross flow filtration
mode as calculated from Equation 5-9 (conditions: TMP=3.0 bar, Cg=0.7, €=0.3, C0o=0.2 g/L,

ap=158 nm, Rm=1.65x10* m).

During the modelling analysis of the permeate flux decline (membrane fouling), two

stages of ultrafiltration were observed. The first stage corresponds to the blocking of
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the pores themselves, during which the permeate flux decreases quickly, to a
negligible amount. It can be seen that the model fits the data well until about 16
minutes,when the transition to the second stage, cake layerfiltration, takes place. This
is the predominant filtration mechanism from around minute 50. The permeate flux
decreases from an initial value of 1.82x10™° m/s, corresponding to the permeability

withoutfouling, to 7.44x1076 m/s after 8 hours operation.

However, the overall system permeability reduces during both pore blocking stages.
Thus, during the initial blocking period, the reduction in membrane permeability must
be due to the progressive plugging of the membrane, until the cake filtration period
starts. From this time on, the reduction in membrane permeability is caused by the

formation of a cake structure and gel layer.

In the proposed model the specific cake resistance per unit cake thickness was
r, = 3.00x10*? m? which can be approximately related to the properties for spherical
particles given by the Carman-Kozeny relationship in Equation 2-32 (Chudacek and
Fane, 1984; Davis, 1992; Song, 1998b).

Based on previous studies and empirical observations of granular media filtration of
rigid spherical particles (Letterman and American Water Works Association, 1999;
Vidal et al., 2009), the model assumed a Kozeny constant of around 4.9 <K 7.1 and a
constant porosity of around 0.36. A particle volume fraction of 0.64 was assumed for
the specific resistance of cake structures with a constant concentration, however, in
reality, for colloidal and dissolved substances the particles are most commonly
polydisperse and compressible, therefore, the porosity within the cake layer and the
cake permeability should vary temporally. For low-pressure membrane operations
(experimental data 3 bar), it was assumed the filtration number and porosity of the
retained particles corresponds to Nf >15 (packing porosity of about 0.36) for the
idealised situation of monodisperse suspensions of rigid spheres (Chen etal., 2015b;
Ho and Zydney, 2000; Song, 1998b). Figure 5-9 show the resistance of the cake layer
(Equation 5-10) and cake thickness (Equation 5-11Equation 5-11) as a function of UF

time (8 hours).
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Figure 5-9 - Resistance of the cake layer and cake thickness as a function of UF time (8 h)
in flat-sheet, crossflow filtration at constant pressure . Conditions TMP= 3.0 bar, Cg=0.7, €=
0.3, Co=0.2 g/L, ap= 158 nm, Rm = 1.65x 10*> m~ rc =3.01 x 10'2 (m~2).
According to research performed by Chen et al. (2015) and Puro et al. (2002a), the
foulants on the membrane surface and within pores arise from DCS, especially fatty
acids, resin acids, ligninsand some traces of sterols, steryl esters and triglycerides.
Moreover, the presence of dissolved multivalent metal ions, especially Ca?*,
accelerated membrane fouling (Puro et al., 2011a, 2002b). Although the approach of
this work has been to demonstrate and model the membrane fouling mechanism, the
main objective of the follow-on research will be the characterisation of the foulants and
the identification of the specific chemical components on the surface and within the
membrane. This will be undertaken using techniques such as scanning electron
microscope (SEM), Fourier transforminfrared (FTIR) spectroscopy,Three-dimensional
excitation and emission matrix fluorescence (3DEEM) and gas chromatography-mass

spectrometry (GC-MS) (Chen etal., 2015a; Puro et al., 2011a, 2002b) .

5.4.6 Determination of membrane cleaning efficiency

In this current study, nine cleaning cycles was performed after each 30 minutes UF to
remove membrane foulants, establish the flux recovery and determine the resistance
removal for hydraulic and chemical cleaning. In addiction, provides an initial insight

about the effects of reversible and irreversible fouling on membrane.
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The fouled membranes was backwashed (for 20 minutes) with DI water to determine
the hydraulic fouling reversibility and chemically cleaned with aqueous 1.0 M NaOH
solution at pH 9.5 in a total cleaning bath for 30 minutes, according to described in
Cleaning membranes procedure (Section 3.5.4).

Figure 5-10 shows the normalised flux recovery by hydraulic and chemical cleaning as
a function of each filtration cycle for a 10 kDa PES membrane under operating
conditions of 22°C, 3.0 bar and 4.5 I/min.

11 o Chemical cleaning
o Hydraulic cleaning
™ Initial normalized permeate flux * Longer filtration experiment

A

0.9fF.
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Figure 5-10 - Normalised flux recovery (J /lo) by chemical and hydraulic methods. Initial

permeate flux was 55.12+1.0 L/m?h and resistance by total fouling 2.26 x10* m™.

As aresultfora longer UF experiment (5.5 hour without cleaning cycles) the permeate
flux was about 28.8 + 0.5 L/m?/h (representing at the end of the process a 47.6%
reduction of initial permeate). Moreover, membrane fouling took place with a higher
rate in the first 60 minutes reducing gradually to around 32.0%+0.5 of the initial flux
(55.12 + 1.0 L/m?h). Therefore, is clearly that cleaning is required to maintain the

permeate flux and integrity of the membrane.

May be appreciate from Figure 5-10, through cleaning cycling that chemical cleaning
presents high flux recovery in comparison with hydraulic cleaning, average values

around 82.31 % and 69.65 %, respectively.Therefore, permeate at the beginning of
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each cycle were taken after hydraulic and chemical cleaning in orderto determine flux
recovery and resistance removal. Table 5-5 compares permeate flux values from the
beginning of each cycle.

Table 5-5 - Membrane flux recovery after each cleaning step with DI water in backwash and
NaOH. Initial permeate flux 55.5 + 1.0 L/m?h.

] . Rirrev. Rirrev.
]p J recovery P J recovery Resistance
after ; after . after after
_ by chemical _ by Hydraulic by total . .
chemical i hydraulic _ . chemical hydraulic
, cleaning , cleaning fouling . .
cleaning cleaning 1 cleaning cleaning
(%) (%) (m™) _ ;
(L/m2h) (L/m2h) (m™) (m™)
1 Ciclo 53.31 96.70 39.31 71.30 2.05x102  4.65x10'? 1.22x10%
5 Ciclo 51.38 93.21 38.05 69.02 1.94x10% 5.44x10%? 1.32x10%
3 Ciclo 48.38 87.77 37.08 67.27 2.15x10%  6.81x10'? 1.39x10%
4 Ciclo 43.36 78.65 37.87 68.70 2.30x102  9.52x10'?  1.33x10%
5 Ciclo 47.64 86.42 40.17 72.87 2.37x102  7.17x10'? 1.16x10%
6 Ciclo 44.03 79.86 40.29 73.08 2.25x102  9.12x10'? 1.15x10%
7 Ciclo 38.22 69.34 37.88 68.71 2.40x10*%  1.30x10'®  1.33x10%
8 Ciclo 36.67 66.52 36.52 66.24 2.95x10%%  1.43x10'® 1.44x10%

It is easy to see that flux recovery by chemical cleaning decreases from the first to the
later of the UF, while J,.covery PY hydraulic cleaning remains with less variation within

range of 69.66 = 3.42%M 77. From chemical and hydraulic cleaning, the highest
Jrecovery WeTE Of 96.70% (53.31 L/m?h) in the 1™ cycle and 73.08% (40.29 L/m?h) in

the 6% cycle, respectively.

Moreover, resistence by membrane fouling presents a decrease through cleaning
cycling, that is to say, in the first UF cycle the fouling was less significant compared
than the 2"d and 3" cycle and so go ahead. In addition, it is worth noting the decrease
in membrane permeability at the end of each cycle, from a cycle to cycle, is an

indication of the irreversible fouling accumulating with each cycle.

The fouling removal as show in Equation 3-5 was used to evaluate the cleaning
efficiency as described in section 3.5.4. Figure 5-11 shows the resistance removal for
DI water and NaOH. It was observed that DI water in backwash achived more severe
irreversible fouling (less RR) than NaOH, suggesting that there are higher fraction of

organic foulants as small colloids and dissolved matter on fouled membranes.
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Thereby, higherflux recovery and resistance removal were found when the fouled UF

membrane was cleaned with NaOH.

It is worth mentioning thatthe previous studies carried out by Simon et al. (2013) have
found that caustic and alkaline agents as effective in the removal of organic fouling,
due the capacity to loosen and dissolve the foulants deposited on the membrane
surface as a cake layer and hydrolyses proteins and polysaccharides one of the main
constituentsof DCSin PMTE and responsible forthe cake layer on membrane surface.
However, in this study even with NaOH the cleaning performed was not so high
effective, with resistance removal within the range of 32.18% - 51.12% and 42.98% —
77.30% for hydraulic and chemical methods, respectively, which means thatimportant
portion of the foulantsis not successfully removed, suggesting that cleaning procedure

is inappropriate for the 10 kDa PES membrane fouled by PMTE.
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Figure 5-11 - Membrane resistance removal at various filtration cycles by chemical and
hydraulic methods.
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55 Conclusion

In this work, ultrafiltration was used to remove dissolved and colloidal substances
remaining in the effluent from a papermaking factory wastewater treatment plant. The
results show that these substances cause a significant permeate flux decline resulting

from membrane fouling.

From the modified Hermia’s models studied in this work it is clear that intermediate and
complete blocking can explain the experimental results obtained for all the

experimental conditions with a high goodness of fit (R2 >0.96).

The best conditions for UF providing the highestflux were found at TMP=3 bar and a
crossflow rate of 4.5 L/min at 22 °C 0.5 °C. The patrticle size distribution was greatly
decreased fromthe range 0of 5499.1 - 188.7 nmto 334.2 - 99.1 nm. As aconsequence,
the turbidity was reduced by 99%, and the organic colloidal matter was effectively
eliminated, considering that its average size is greater than 220 nm. In addition, as
COD was removed by 54% down to 110 mg/L it could be concluded that ultrafiltration

is suitable for producing water that can be reused in different papermaking processes.

Modelling of the membrane processes is of interest since it aids the selection of a
suitable TMP and crossflow rate. This is positive from an operational point of view
because, by manipulatingthe operating conditions, itis possible to obtain better control
of the membrane fouling processes.

The performance of the membrane cleaning was quantified using flux recovery and
resistance removal. The results demonstrated that NaOH was more effective than DI
water in backwash, futhermore suggests that reversible fouling is associated with
colloidal substances, these results are consistentwith presented in Chapter 5, which
identify that colloidal substances and protein-like matter as the main contributors to
reversible fouling, whereas humic and fulvic acid were the main contributors to
irreversible fouling (dead - end cleaning protocol). However, in this section cleaning
procedure was not extensively investigated, because is required time and intensive
work, therefore, a more comprehensive investigation is required to a better
understanding of cleaning solutions and the interactions between foulants and PES

membranes.
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6.1 Abstract

In this study, membrane fouling caused by paperboard mill treated effluent (PMTE)
was investigated, based on a Dead-end ultrafiltration (UF) pilot-scale study. The
membranes employed were commercial hydrophobic UF membranes made of
polyethersulfone (PES)with a molecularweightcut-off of 10 kDa, 50 kDa and 100 kDa.

Membrane fouling mechanism during dead-end filtration, chemical analysis, field
emission  scanning electron  microscopy (FESEM), energy-dispersive
spectrophotometry (EDS), attenuated total reflection-Fourier transforminfrared (ATR-
FTIR) spectroscopy and 3D fluorescence excitation—emission matrix (SDEEM)
analysis were applied to understand which fraction of the Dissolved and Colloidal

Substances (DCS) caused the membrane fouling.

The results indicated that the phenomenon controlling foulingmechanismtended to be
cake layer formation (R220.98) for all membranes tested. The 3DEEM results indicate
that the majority of the organic foulants with fluorescence characteristics on the
membrane were colloidal proteins (protein-like substances I+1l) and macromolecular
proteins (SMP-like substances). In addition, polysaccharide (cellulosic species), fatty
and resin acid substances were identified on the fouled membrane by the ATR-FTIR
analysis playing an important role in membrane fouling. In addition, the FESEM and
EDS analyses indicate that the presence of inorganic foulants on the membrane
surfaces, such as metal ions and especially Ca?*, can accelerate membrane fouling

whereas Mg and Si are linked to reversible fouling.
6.2 Introduction

The diversity of raw materials used in recycled cardboards papers requires a great
knowledge of water circuits in order to adopt an adequate decision in internal water
recycling. In a conventional carboard paper mill, several water loops can be present
with a different use into a paper production (Figure 6-1): short circuits are water
recycling without treatment. Other internal water circulation named long circuits are
produced after flotation or clarification as first wastewater process or as an optimized
treated water recycling after primary, secondary and tertiary wastewater treatments
(Bayr and Rintala, 2012; Ordéfiez et al., 2010; Rudolph et al., 2018). The most

implanted wastewater treatment as a secondary process is biological treatment, in one
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(Anaerobic treatment) or two stages (Anaerobic and aerobic treatment), depending on
the capacity or the required effluentquality. This conventional treatment methods have
been used to treat the wastewater from differentpaper mills, but, in some cases, the
conventional methods are insufficientto comply with the most stringentenvironmental
regulations on effluent quality and/or for the process water to be reused in
papermaking.

Short circuit

Shudge

Y

I I

h 4

Fiber recycling

Aerobic|reactor I

Primary treatment
Anaerobic|reactor

Clarifier

White water

Long circuit |

Figure 6-1 - Flow chart of the recovery process of water in the cardboard paper making
process.

Due to biological treatments limitations to reach adequate water quality, membrane
separation technology has attracted increasing attention as a tertiary treatment for
these treated effluentsfrom paper mills, particularly as it facilitates subsequenteffluent
recycling (Chen etal., 2015a; Puro et al., 2010; Zaidi et al., 1992).

Many authors had studied ultrafiltration as main treatment to remove the Dissolved and
Colloidal Substances (DCS) concentrated during the recycling of white water. In these
works, studies of membrane fouling problem, material thatis retained at the membrane
surface or insidethe membrane pores, andanalysis of DCS had been presented (Chen
et al., 2015; Hubbe et al., 2012; Liu et al., 2020; Puro et al., 2002; Sousaet al., 2018).
Although,there are many studies aboutfouling problemin white water, optimize closed

water loop in long circuit after secondary treatment requires UF filtration process in
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order to make possible producingthe highestwater quality from the final effluentof the
paper mill and/or reduce fresh water (Rudolph etal., 2018; Shukla etal., 2015; Winter
et al., 2017).

In pulp and paper mill effluent, Dissolved and Colloidal Substances DCS have been
consideredto be the major membrane foulants (Chen etal., 2015a; Hubbe etal., 2012;
Puro et al., 2002a; Sousa et al., 2020). Moreover, these foulants include some
fluorescent organic compounds (FOC) such as protein-like substances, humic-like

substances and fulvic-like substances (Poojamnong etal., 2020).

These FOCs can be differentiated with high sensitivity due to their respective
fluorescence properties in the ultraviolet and visible range (Tian et al., 2015).
Therefore, 3DEEM analysis can be used as a powerful technique for the identification
and characterization of this foulants on a membrane (C. Jacquin et al., 2018; Jacquin
et al.,, 2017; Yu et al.,, 2020), besides to contribute with information to establish
strategies for process optimization in order to prevent and eliminate this undesirable
phenomenon (Peiris etal., 2010; Peldszus et al., 2011; Yu et al., 2014; Z. Wang et al.,
2009). It is worth mentioning that 3DEEM can only be used to characterize FOCs.
However, most of the polysaccharides comprising the DCS, which also significantly

contribute in membrane fouling, cannot be suitably characterized by fluorescence.

Therefore, this chapter is focused in analyze the fouling process in UF filtration as a
tertiary treatment after biological process. Biological process will modify organic
substances presents in white waters and also will produce new organic substances
from biological sludge. Hence, a good knowledge of characteristics substances
presentin these waters is importantto help minimize membrane fouling (Kossaret al.,
2013), aiming to obtain high quality water from UF filtration that may replace fresh
water use in some applications. Furthermore, in the literature investigations about
foulantscharacteristics had received little attention in comparison with studies focused

on membrane performance and water quality.

Moreover, will be helpful to provide more detailed understanding about chemical
composition, and possible origins of membrane foulantsandfouling mechanismduring
the UF process for the removal of the DCS come from a paper mill secondary effluent,
that can be used as a tool to control membrane fouling,and determine whether UF
process is an adequate technology or the energy, operation andinvestment costs, due
to fouling problems, restrict the use of this filtration type.
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In order to understand DCS composition from paper mill treated biological effluent
(PMTE), batch dead-end UF with different polyethersulfone (PES) membranes were
used. Resistance-in-seriesand Hermia’s model were used to analyze the predominant
fouling mechanism takes place on each membrane and how it affects the permeate
flux. Experimental filtration time was similar to industrial procedures avoiding long

filtration time with deep fouling, no recommended in factory.

Techniques such as chemical analysis, field scanning electron microscopy (FESEM),
energy-dispersive spectrophotometry (EDS), attenuated total reflection-Fourier
transform infrared (ATR-FTIR) spectroscopy and 3D fluorescence excitation—emission
matrix (3DEEM) analysiswere applied to understand which fraction ofthe DCS caused
the reversible and irreversible fouling (Liu et al., 2003; Peiris et al., 2010; Peldszus et
al., 2011; Poojamnong et al., 2020; Z. Wang et al., 2009).

6.3 Materials and methods

6.3.1 Membrane filtration tests

Dead-end filtration setup and experiments were performed according to the details in

Section 0.

e Dead-end filtration protocol

1. Pre-filtration: Filtration of 600 mL of the PMTE at 2.5 bar at 0.45 um to eliminate
the larger suspended solids and higher molecular weight colloids.

2. First filtration step: Filtration of 250 mL of pre-filtrated raw feed at 2.0 bar to
understand the flux decline and fouling resistance behavior. A new membrane

was cut and used for each filtration test.

3. Cleaning by relaxation: The filtration cell was refilled with 15 mL of buffer
solution (NaHCO3 1 mmol/L) and stirred for 10 min at 100 rpm to remove
foulants by simulating membrane relaxation.

4. Secondfiltration step: Filtration of 40 mL of buffersolution at 2.0 bar to calculate
flux recovery and membrane resistance after membrane relaxation (reversible
fouling).

5. Cleaning by backwashing: The membrane was turned upside down, and
filtration with 30 mL of buffer solution at 2.0 bar was carried out to remove

foulants by performing a membrane backwash.
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6. Third filtration step: The membrane was put back in place, and the filtration of

30 mL buffer solution at2.0 bar was performed to calculate the flux recovery.
6.3.2 Ultrafiltration fouling models

Permeate flux was gravimetrically measured at different time intervals, and the
resistance-in-series model was used to study the role of differentfouling resistances
that cause flux decline on the membrane as described by Darcy’s Equation (Rushton
et al., 1995):

J, = 1 dm, ap Equation 6-1

Amp dt  u(Rp+ Rp)

where,

J,, is the permeate flux (L.m2.h-1);

Anm is the effective membrane area (m-2);

m,, is the total mass of permeate (kg);

p is the volumetric mass density (kg. m3);

tis the filtration time (s);

AP is transmembrane pressure drop (Pa);

M is the filtrate viscosity (Pa.s);

R,, is the intrinsic membrane resistance (m); and

R, is the fouling resistance (m).

In dead-end filtration, and according to cake filtration model, the relationship between

R and the specific cake resistance (a) (m.kg1) can be expressed by equation (Chang

and Kim, 2005; Rushton etal., 1995) :

ax* cx
A

R =aM = Equation 6-2
where,
M is the cake mass of DCS (m,s) per unitmembrane area (kg.m2); and

i 3
V, is the permeate volume (m?).

A mass balance equation isthen used to obtain c, by the expression:

_ Mpcs _ (VoCo il Z c,p) = Vycw Equation 6-3

p
v, v,

14

where,
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mps IS the cake mass of DCS (kg);
c is the mass of solids deposited on the cake layer per unitvolume of filtrate (kg/m?3);

¢, and ¢, are the initial concentration in the feed and permeate concentration (kg/m?3);

and

V, and V,, are the initial volume to be filtered and fluid volume retainedin the cake (m?),

respectively.

Therefore, the classic method for determining «, is to measure V, as a function of time,

t, during dead- end UF at constant pressure. Specific cake resistance can be calculate
from the well-known expression derived using Equation 6-1 and Equation 6-2 and
solving the follow integration (Foley, 2013):

t v,
jdtsz K* R _|_“* ax CV dv Equation 6-4
0 o \AP*x A, AP+ A2 PP

This integrated result can be rearranged to give the linear equation, where a can be
calculated from the slope by simple plot of t/V, = f(V;) at different applied pressures
(Teycheneet al., 2016).

In addiction, (Hermia, 1982) proposed a mathematical model Equation 6-5
denominated pore blocking foulingmechanism or Hermia’s law to describe permeate

flux decline phenomena, based on classical constant-pressure of dead-end filtration.

d?t de \™ Equation 6-5
a2~ (d—v)

The exponentm characterizes the type of blockage for each fouling mechanism, while

the value of K represents a constant fouling parameter that varied for each filtration

processes. Hence, pore blocking during filtration can be divided into four mechanisms:

complete blocking(m = 2), intermediate blocking (m = 1), standard blocking(m =

1.5), and cake layer formation (m = 0).

The analytical solutions of Equation 6-5 for each mvalue as well as the linear forms of
permeate flux models are shown in Table 6-1 (Bowen et al., 1995; Hermia, 1982; Vela
et al., 2008).
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Table 6-1 - Summary of the fouling mechanisms by blocking models during dead-end
filtration.

Fouling m Fouling Fouling models Linear forms Eq.
mechanism concept
Complete 2 Pore sealing Jp = Joexp(—K,pt) n(J,) = In(Jo) — Kpt 66
blocking
Intermediate i 1 1
i 1  Pore sealing J, = Jo B
blocking and membrane (1+JoKipt) Jv Jo 6-7
deposition
St 1 1 -
andard 1.5 Pore walls J = Jo ; Kt 6-8
. . 1 / /2
blocking restricted (1 +J, /2 Ksbt) I '2 o
Cake 0  Cakelayers on 1 1 1 6-9
_ Y Jp=Jo(1+)o" Kept) 2 5 =—5 + Kot
formation surface Jo Jo

Furthermore, as described in the filtration protocol, at the end of the UF and after the
washingsteps, the fluxdeclineand flux recovery for each MWCO was estimated using
Equation 6-10 and Equation 6-11, sequentially:

Flux geciime (%) = (1 —%) x 100 Equation 6-10
0

and

] .
FlUXecovery (%) = 25 x 100 Equation 6-11
0

where,
J, is the initial permeate flux; and

Jocaw) 1S the permeate flux after washing.

6.3.3 Mass Balance Analysis

In order to determine the m,.,, a mass balance was performed for the three different
membranes (10 kDa, 50 kDa and 100 kDa) fouled by PMTE. The mass balancefor the

solution was calculated using the following equation:

Msotion = COT * Viomtion Equation 6-12

where,

m is the mass of carbon in the solution (mgC);

solution
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COT is the total organic carbon concentration measured in the solution (mgC/ L); and

%4

solution

Is the volume of the solution (L).

After the washing steps (relaxation + backwashing), the TOC measurements were
performed for each collected solution (feed, permeate, relaxation and backwashing)
and the residual carbon mass on the membrane, termed irreversible carbon, was

estimated using Equation 6-13.

Mpcs irreversible Equation 6-13
= Mfeed = Mpermeate — Mrelaxation — Mbackwashing

where,
Mpcsirreversible 1S e carbon mass remaining on the membrane or irreversible fouling
(mgC);

Ms,qq IS the carbon mass in the feed solution (mgC);

m is the carbon mass collected in the permeate (mgC);

permeate

m is the carbon mass collected in the relaxation solution (mgC); and

relaxation

Mpackwashing 1S the carbon mass collected in the backwashing solution (mgC).

The total organic matter (TOC) was measured usinga TOC-VCSN Shimadzu Analyzer
(Shimadzu, Japan). TOC samples were filtered through a 0.45 um filter prior to
analysis.

6.3.4 Identification and characterization of foulants

6.3.4.1 Field emission scanning electron microscopy (FESEM) and energy

dispersive spectrophotometry (EDS).

Micrographic imagingand elemental analysis of the fresh and fouled membranes were
undertaken using FESEMin conjunction with EDS.FESEManalysis gives a qualitative
assessment of the fouling formed on membrane surface. EDS determines the
inorganic composition of the foulants. The dried membrane samples were attached to
double sided adhesive carbon tape on an aluminum holder, and subsequently coated
with platinumandobserved by FESEM using a ZEISS, model: auriga compact. (Oxford
Instruments, UK), at an accelerating voltage of 0.5 — 30 kV, and a working distance of
10 mm (Figure 6-2). Inorganic foulants on the membrane were determined by EDS
(Aztec EDS with X-Max detector, Oxford Instruments, UK). The qualitative and

185



6 Chapter: Identification of Foulants on PES Membranes

guantitative analyses of EDS spectra were based on internal standards using Aztec

software.

Figure 6-2 - Field Emission Scanning Electron Microscope (FESEM) (ZEISS ULTRA 55
model. Oxford Instruments, UK) used in the ISIRYM.

6.3.4.2 Attenuated total reflection-Fourier transform infrared (ATR-FTIR)

spectroscopy analysis

The chemical structure of the clean, fouled and washed membrane samples (10 kDa,
50 kDa and 100 kDa) were analyzed using an FTIR spectrometer in attenuated total
reflectance (ATR) mode (Nicolet™ FT-IR spectrometers from Thermo Electron
Corporation, with Universal ATR Sampling Attachment, Waltham, MA, USA) (Figure
6-3). The resolution of the ATR-FTIR apparatus was attuned to 4.0 cm1, optical path
difference velocity to 0.2 cm/s, and all the spectra were recorded within the range
4000- 400 cm™. A ZnSe crystal (thallous bromide iodide) was used as an intemal
reflection element. The effective incident angle of the IR radiation was 45°. The
background air spectrum was subtracted, and the spectra were offset corrected,
normalized, and presented in absorbance. All the membranes were dried by slow

evaporation in a desiccator overnight at room temperature prior to ART-FTIR
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characterization in order to minimize interference from water bands. Analysis was

conducted at three random points on the membrane surface.

Figure 6-3 - FT-IR spectrometer with universal ATR Sampling Attachment (Thermo Electron

Corporation, USA) used in the IEM.

6.3.4.3 Foulantextraction

The foulants were carefully extracted from the membranes using the following steps

adapted from previous studies by Martinez de Pe6n etal.(2015) and Puro et al.(2011):

The fouled membrane samples of 41.8 cm? were dried in a desiccator at room
temperature overnightand then cutinto small pieces (approximately 1 cm?).
Then,the membrane samples were placed intoa 50 mL glass bottle and soaked
in 20 mL acetone—watersolution (1:9 v/v) for 24 h at 20 °C and completely mixed
using a magnetic blender to ensure all the membrane pieces were in contact
with the solvent.

The extract solution, consisting of a mixing of DCS was filtrated through a
syringe filter (membrane) with a mean pore size 0.22 pm.

The filtrate was placed in a round-bottom flask and evaporated to dryness at a
temperature of approximately 50 — 55 °C under avacuum pressure around 146
mbar for 30 min, using a Buchi rotavapor R-114 extraction system (Flawil,
Switzerland) with a PC 600 dry pumping chemistry vacuum unit (Wertheim,
Germany). The extraction setup is shown in Figure 6-4.

Finally, the foulantwas re-dissolved in 3 mL of the acetone—water solution (1:9

v/v), and then subjected to further SDEEM and other analysis.
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Figure 6-4 - Rotavapor extraction system and vacuum unit used to foulants extraction, used
in the IEM.

6.3.4.4 3DEEM fluorescence spectra analysis

3DEEM analyses were performed using a Perkin-Elmer, LS-55 fluorescence
spectrometer (PerkinElmerinc., Waltham, MA, USA) (Figure 6-5), at room temperature
(22.0 £2 °C). In this study, 3DEEM spectra were collected with the scanning excitation
wavelength (4,,) setat 200-500 nm and the emission wavelength (4,,,) from 280 nm
to 600 nm. Scan speed was set at 1000 nm/min and the incrementto 2 nm, while the
slitwidth was set at 10 nmin excitation and emission (C. Jacquin etal., 2017 and 2018;
W. Chen et al.,2003b).

To avoid Raman scatter by the particles (Tian et al.,, 2015), fluorescence

measurements were done on pre-filtered (0.45 um) at room temperature (22 = 2 °C).
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Figure 6-5 - Photograph of Perkin-Elmer, LS-55 fluorescence spectrometer (Perkin-
Elmer, USA), usedin the IEM.

To limit overlapping signals and avoid the inner filter effect, the samples were diluted
with pure water (Mili-Q, Millipore, Merck KGaA, Darmstadt, Germany) with a dilution
ratio determined after measurements at successive dilution ratios (C. Jacquin et al.,
2018; Carstea et al., 2016; Shao et al., 2014). All spectra were Raman normalized
usinga Mili-Q water blank (the Milli-Q water spectrum was subtracted from the SDEEM
spectrum for each sample) following the procedure described by Goletz et al. (2011)
and Peiris et al. (2010).

Therefore, after Raman normalization, the fluorescence intensity in Raman units (R.U)
was assessed (Park and Snyder, 2018). As described in a previous study carried out
by W. Chen et al. (2003b) the spectra were divided into five areas (Table 6-2).
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Table 6-2 - Characteristics of the associated fluorophores detected by 3DEEM
accordingto W. Chen etal. (2003b).

Region Associated fluorophores Excitation and Emission Abbreviation

wavelengths

Region | Aromatic protein I-like Ex=200-250nm Prot1 - likespeewm
(tyrosine) Em=280-330nm
Region Il Aromatic protein Il-like Ex=200-250nm Protz - likespeewm
(BODs) Em=330-380nm
Region Il Fulvic acid-like Ex=200-250nm FA - likespeem
Em=380-600nm
Region IV Soluble microbial product Ex=250-350nm SMP - likespeem
(tryptophane) Em=280-380nm
Region V. Humic acid-like molecules Ex=250-500nm HA - likespeem

Em=380-500nm

DCS fractions and consequently 3DEEM data were analyzed quantitatively using
volume of fluorescence @ (i) (R.U.nm?) parameter from the Fluorescence Regional
Integration (FRI) method originally proposed by W. Chen et al. (2003b). This
methodology permits all the fluorescentcompounds detected within each fluorophore
region (Table 6-2) to be considered. Fluorescence volumes were calculated from the

corrected matrix, usingthe following Equation 6-14 originally proposed by W. Chen et
al. (2003b).

@ (i) = MF(i) Z z Lo (Ao d, VAL AL, Equation 6-14

ex em
where,

MF (i) isthe area multiplication factor;

Irinai(Aexs Aemy) is the final fluorescence intensity at each excitation — emission

wavelength in (R.U); and

@ (i) normalization was necessary to compare values from different regions of the

3DEEM response.

To make it, MF(i) was calculated using Equation 6-15 (Jacquin etal., 2017):
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MF (i) = Aredsor speem) Equation 6-15
Arearegion(i)

where,

Area, . 3pgeny 1S the total spectrum area (nm?); and

Area = is the specific region area (i) (nm?).

region(i) ~—
6.4 Results and discussion

6.4.1 Analysis of the influence of membrane MWCO on permeate flux and

fouling mechanism

One of the mainly goals of the filtration experiments was to understand the effects of
MWCO on membrane foulingbehavior. As shown in Figure 6-6, duringthe UF in dead-
end mode at constant pressure, the initial permeate flux increased with an increase in
MWCO due to the direct relationship between permeate flux and nominal membrane
pore sizes. Thus, when comparing the three membranes used in the filtration

experiments, the flux was higher formembranes with a larger MWCO.
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Figure 6-6 - Normalized flux vs. specific filtration volume, during the filtration of PMTE using
10 kDa, 50 kDa and 100 kDa UF-PES membranes. The applied TMP was 2.0 bar, at room
temperature and TOC concentration of the feed solution about 78.0 + 2.5 mg-L™.
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The initial permeate flux was found for the 100 kDa membrane with J,=102.77 L/m?/h
followed by the 50 kDa membrane with J, = 73.49 L/m?/h and then by 10 kDa
membrane with J, = 28.70 L/m?/h. However, it can be seen that even though the 100
kDa membrane presented the greatest initial flux, it declined very quickly and mainly
during the firstfew minutes of the filtration, which can be attributed to the deposition of
the DCS and adsorption into the membrane pores, followed by cake formation.
Therefore, after filtration of 6.0 ml.m2 (i.e 250 + 0.5 ml of PMTE), it was noted that for
the lowest MWCO (10 kDa), the flux decline was smaller and slower compared to the
larger MWCO (50 kDa and then 100 kDa). The highestreduction in the permeate flux
was 56.98% forthe 100 kDa membrane followed by 52.50% for the 50 kDa membrane
and 32.50% for the 10 kDa membrane.

A very significant membrane flux recovery was observed immediately after cleaning
for all MWCO (dead-end filtration protocol) (see Figure 6-6), indicating a high
effectiveness in removing the cake layer formed by the colloids associated with
reversible fouling.The membrane performance and flux recoveries obtained from the
different MWCO are reported in Table 6-3.

Table 6-3 - Permeate flux, flux reduction and total flux recovery after cleaning steps (relaxation
and backwashing) from different MWCO membranes.

MWCO Permeate flux on Flux reduction  Permeate flux after  Total flux recovery
clean membrane (%) cleaning step (%)
(L.m=2.h1) (L.m=2.h1)
10 kDa 28.70 £1.23 32.00 25.38 £ 0.49 88.40
50 kDa 73.49 £1.17 52.50 54.89 +1.04 74.69
100 kDa 102.78 + 2.65 56.98 68.90 + 3.00 67.03

6.4.2 Resistance-in-series and pore blocking model analysis

In Figure 6-7 the results of filtration experiments for all UF membranes tested, are
presented on the plot of t/V; vs. Vi, which should be linear when the fouling mechanism

is the cake filtration by Equation 6-4. The resistance-in-seriesmodel (Equation 6-1 and

Equation 6-2 was used to analyze membrane resistances that lead to flux decline

during the UF process. As shown in Figure 6-7, the fouling resistance (R;) increased

throughoutthefiltration period, due to pore blockingduringthe earlier stages, and cake

growth on the membrane surface during the later stages of UF and R, was highest for

the largest MWCO (i.e 100 kDa), which indicates that more cohesive cake layers form
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on the membranes and, consequently, fouling becomes

results are consistentwith those presented by Lee,(2013).

more irreversible. These
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Figure 6-7 - Specific resistance (a) and fouling resistance (Ry) calculated using the
resistance-in series-model for (a) 10 kDa MWCO, (b) 50 kDa MWCO and (c) 100 kDa
MWCO membranes.

The highestvalues for R were obtained at the highestmass of DCS (m,5) deposited
on the membrane area per unitof permeate volume due to a more compact cake
structure on the membrane surface. Thus, R, for the 10 kDa MWCO membrane it was
around8.90x103*m™1, for the 50 kDa MWCO it was 1.09x10*m™* and forthe 100 kDa

MWCO itwas 1.77x10™m™1.

It is worth mentioning that the nonlinearity of the curves t/V; vs. V¢ during the early
stages of experiments implies that pore blocking preceded the cake resistance in early

stage of filtration.

Therefore, pore blockingmechanismswere identified with amethod based on a simple
parameter estimation in nonlinear regression models (Table 6-1). Table 6-4 presented
the values of optimized parameters K., K;;,,Ky, and K., according to 6-6 — 6-9,
respectively, the comparison of experimental average permeate flux and the predicted

average flux (Figure 6-8), and the corresponding correlation coefficients (R?).
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Table 6-4 - Values of pore blocking parameters, comparison between the experimental and

predicted average permeate flux and the model fitting accuracy (R?).

Models MWCO Constantfouling Jotexp) Joprea) 2
(kDa) (K) (L.m2h1) (Lm2h?

Cake 10 2.06x106 23.071 23.277 0.878
filtration 50 1.20x106 54.314 54.582 0.949
m=0 100 1.99x106 59.961 59.939 0.969
Intermediate 10 6.94 23.071 23.376 0.824
blocking 50 9.76 54.314 54.928 0.890
m=1 100 18.61 59.961 60.628 0.875
Standard 10 9.0x103 23.071 23.438 0.789
blocking 50 19.6x10-3 54.314 55.177 0.846
m=1.5 100 39.7x103 59.961 61.375 0.788
Complete 10 4.66x10° 23.071 23.509 0.749
blocking 50 1.56x104 54.314 55.494 0.790
m=2 100 3.36x104 59.961 62.569 0.662

< K unitdepending on the parameter m. K., (s'); K;, (m™); K, (m2.s°%2) and

K. s (sim?).

As can be seen from Table 6-4, for all MWCO, cake formation has the closest values
of experimental permeate flux and has higher R? values, between 0.878 (10kDa) and
0.969 (100kDa), confirming that the cake layer formation became the most dominant
mechanism for permeate flux decline during UF of the PMTE. However, intermediate
pore blocking played an important role in the fouling of membranes in this current study
(see R2in Table 6-4). It indicates thatmajority of foulants (macromolecules and colloids
such as proteins and polysaccharides) in feed solution (Miao et al., 2012) have bigger
size than membrane pores. Those particles could not enter the membrane pores, are
retained on the membrane surface and consequently allows the formation and
compression of the cake layer.
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Figure 6-8 - Comparison between experimental average permeate flux and predicted
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6.4.3 Mass balance analysis

The mass balance and TOC measurements were used to evaluate the irreversible
carbon (fouling) deposited and/or adsorbed onto the membrane (Figure 6-9) after the

cleaning steps described in dead-end filtration protocol.

% mirreversible = m relaxed + bacwashed m permeate

2.32%

-

100 kDa

A

—8291%

Carbon mass (mgC)
Figure 6-9 - Carbon mass balances during UF for different MWCO, mteed = 19.76 £0.5 mg.C.

It can be observed due the DCS complexity and their large size distribution an
interaction between the particles, colloids and dissolved matter presented in the feed
solution with MWCO, thus membrane pore size playeda key role in the organic carbon
retained on the membrane, consequently the irreversible fouling in the mass balance
increased with decreasing MWCO as present in Figure 6-9, showing a disagreement
with the results obtained in the membrane cleaning efficiency and flux recovery results
presented in Table 6-3. Accordingto the calculated by Equation 6-13, approximately
5.79 mg.C, 3.93 mg.C and 3.44 mg.C remaining on the membranes (10 kDa, 50 kDa

and 100 kDa, respectively) as carbon mass irreversible (mpcg irreversible )-
6.4.4 Aromatic carbon (SUVA) removal by UF membrane

In this study the specific UV absorbance (SUVA) and TOC were used to assess the
aromatic carbon and humic substance (HS) content of the DCS in the feed solution
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(PMTE) and permeates. Table 6-5 Shows the SUVA values for the PMTE and the
permeates at different MWCO. It can be seen, that the SUVA values barely decrease
in the permeates as compared with the feed solution. The mean SUVA value of the
PMTE was 1.11+ 0.03 L//mg/m and thisimpliesa low hydrophobicity andlow molecular
weightof the DCS in the effluent.

Table 6-5 - Aromatic carbon (SUVA) in the PMTE and permeates, at 2.0 bar and different
MWCO.

Permeates
Raw PMTE 10 kDa 50 kDa 100 kDa
UV2ss (cmt) 0.943 £0.012 0.518 £0.021 0.582 +£0.010 0.648 £0.014
TOC (mg-L?) 80.00 + 2.46 50.60 £1.72 61.21 £1.45 63.88 £1.35
Reduction of COT - 33.92% 23.48% 20.14%

SUVA (L.mgtm™) 1.114 +0.030 1.010 +0.045 0.956 + 0.024 0.993 + 0.026

As shown in Table 6-5, the mean SUVA values (feed and permeates) were relatively
low (less than 3 L/mg/m), which suggest that most of the organic carbon material
contentin the PMTE consists mainly of hydrophilic components with low aromaticity
and with low rejection by UF membranes. In addition, the TOC removal efficiencies of
the 10 kDa, 50 kDa and 100 kDa MWCO were relatively low (23.93%, 18.33% and
12.24%, respectively).

6.4.5 3DEEM fluorescence analysis

In this study, a 3D fluorescence excitation—emission matrix was used to identify and
characterize the organic matter in the PMTE and permeates and on the fouled
membranes. The 3DEEM fluorescence spectra for the PMTE and permeates for 10-
kDa, 50-kDa and 100-kDa PES membranes are shown in Figure 6-10. In addition, as
described in section 2.9, the spectra were analyzedinto the five areas defined by W.
Chen etal. (2003b).
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Figure 6-10 - 3DEEM fluorescence spectra for (a) feed solution (prefiltered with 0.45 pm
filter); (b) permeate 10 kDa; (c) permeate 50 kDa; and (d) permeate 100 kDa . Region | and Il
= aromatic protein-like substances | and Il respectively; Region Il = fulvic acid-like
substances; Region IV = soluble microbial by-products; Region V = humic acid-like

substances.
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In Figure 6-10, it can easily be seen from the qualitative analysesthat aromatic protein -
like substance Il and fulvic acid-like substances are predominantin the feed solution.
In addition, after dead-end UF at 2.0 bar, a decrease in the percentage fluorescence
intensityin allmembranes was observed, mainlyinregionsll, lll, and IV. This suggests
that a significant proportion of the fluorescent protein-like substances (high MW),
including BOD5, tryptophan, and extracellular polymeric substances (EPS), were
removed in the permeates. Moreover, it can be seen that the decrease in the
fluorophore compounds’ intensity was higher in the lower MWCO (10 kDa) due to the
difference between the substances’ molecular weight (MW) and the membrane pore

size.

In addition, the 3DEEM data were analyzed quantitatively using the volume of
fluorescence @ (i) parameter from the Fluorescence Regional Integration (FRI)
method, as described by W. Chen et al. (2003b) and C. Jacquin et al.(2018). The
volume of fluorescence andthereduction in the fluorescentorganic matter compounds

are shown in table Table 6-6.
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Table 6-6 - Volume of fluorescence @ (i) and the reduction in the concentration of fluorescent compounds after UF.

Volume

of Fluorescence (R.U.nm?)

Reduction of fluorescent

compounds (%)

D (i)Feed - o (i)Permeate

Feed solution UF Permeate ® Dreea
Region o\t 10kDa 50 kDa 100 kDa 10kba 50kDa 100 kDa
| 2950,264.07 185348264 185348264 219659378 5917  48.85 34.1
Il 10685689.19 10,685689.19 10,685689.19 10,685689.19 5162 3748  27.26
Nl 13142,967.02  13,142,967.02  13,142,967.02 13142967.02 2042 1855 3.62
IV 5173347.62  5173347.62  5173347.62 517334762 2415 1983 1584
V. 417048525  4,170485.25  4,170,485.25  4,170,48525  6.43 7.57 3.91
Total  36,122,75315  36,122,753.15  36,122,753.15 36,122,753.15 2947 2441  13.04
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In addition to the results shown in Table 6-6, the membrane filtration process reduced
the concentration of fluorescentcompounds, mainly in regions I, ll, and IV and it can
be observed that the reduction in the concentration of fluorescent compounds
increased when the MWCO decreased, which may confirm that the colloidal matter
(i.e., particle size > 220 nm) plays a major role in membrane fouling. Moreover,
depending on their size, this suggests thatthe main types of fouling are pore-blocking,
followed by cake formation and growth during UF. In addition,in the graph of t/V versus
Vt (Figure 6-6), the linear trend confirms this assumption and makes it possible to

calculate the colloid specific resistance.

Nevertheless, the quantitative volume of fluorescence in regions lll and V (fulvic acids
and humic acids) was not significantly decreased as can be seen in Table 6-6
confirming their affiliation to hydrophilicand low MW compounds. These results were
confirmed by the minimal SUVA removal in the permeates shown in Table 6-5,
indicating that humic concentrations remained almost the same after the UF. It can
also be seen that Fulvic-like and humic-like proteins (dissolved substances)
predominated in the permeate with low-MW concentration.In this study the specific UV
absorbance (SUVA) and TOC were used to assess the aromatic carbon and humic

substance (HS) contentof the DCS in the feed solution (PMTE) and permeates.

To understand the role of organic matter (DCS) on membrane fouling, SDEEM spectra
of the foulants extracted from membranes fouled by PMTE are presented in Figure
6-11. This analysis was carried outin accordance with the one proposed by Jacquin
et al.(2017). The organic matter was thus, combined into three regions of fluorophore

groups:

e Associated with colloidal proteins (regions | + II) denominated by protein-like
substances I+ll;

e Associated with dissolved organic matter (region lll + V) termed fluvic acid-
like and humic acid-like substances (FA+HA-like); and

e Associated with macromolecular proteins present in the dissolved phase

(region IV) denominated by SMP-like substances.
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Figure 6-11 - 3D view of fluorescence spectra of foulants extracted from fouled membranes
at the end of filtration (dead-end filtration protocol): (a) 10 kDa; (b) 50 kDa, and (c) 100 kDa.

It can be observed thatthe organicfoulantswith fluorescence characteristics extracted
from the fouled membranes were significantly differentfromthe PMTE and permeates
(Figure 6-11). In addition, the fluorescence intensity of the 3DEEM spectra
demonstrates that the colloidal proteins (protein-like substances I+ll) and
macromolecular proteins (SMP-like substances) were major fluorescentcomponents
on the fouled membranes, which agrees with previous studies carried out by Wang et
al. (2008), Z. Wang et al.(2009) and Zhu et al.(2011), that reported one of the main

compounds in membrane foulants as being proteins (tyrosine, BODs and tryptophan).

The quantitative comparison of the fluorescent organic foulants on the fouled
membranes was carried out by usingthe volume of fluorescence parameter from the

Fluorescence regional Integration method. The distribution of @ for the fouled

membranes is presented in Figure 6-12.
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Figure 6-12 - Volumen of fluorescence distribution for the foulants extracted of three different
PES membranes.

In Figure 6-12, it can be observed that the & (i) distribution of the three different PES
membrane was clearly different, which mightbe due to the differentcomposition and
retention in terms of fluorophore compounds on the fouled membranes. Hence,
protein-like substances I+l comprised the fraction most retained by the membranes
with approximately 62.71% retained by the 10 kDa membrane, around 64.75% for the
50 kDa membrane, and 63.93% for the 10 kDa membrane, followed by SMP-like
molecules with around 20.55% retained by the 10 kDa membrane, 19.25 % by the 50
kDa membrane, and 19.63% by the100 kDa membrane. Moreover, itcan be noted that
the total @ (i) increased as the MWCO decreased, 100 kDa to 50 kDa followed by 10
kDa. This foulant behavior can be explained by the hydrophobic characteristic and
relatively higher MW or molecular mass in comparison with the membrane cut-off.
However, FA+HA-like substances (strong hydrophobicity) were also found as a
componentof the membrane foulants, even though the dissolved organic matter was

foundin alesser amountthan colloidal proteins. In addition, they might be associated

207



6 Chapter: ldentification of Foulants on PES Membranes

with irreversible fouling, due to their hydrophobic adhesion effect over and inside the
membranes and as they affect both the hydraulic permeability and the rejection

membrane properties (C. Jacquin et al., 2018; Crozes et al., 1993; Liu et al., 2014).
6.4.6 ATR-FTIR analysis

Fourier transform infrared spectroscopy was used to characterize and identify the
major foulant groups, including the DCS, retained on the fouled membranes. ATR-
FTIR is a rapid and reliable method used to detect the presence of differentbands in
the fouling layer (chemical functional groups), such as proteins, fatty and resin acids,
colloids, and polysaccharides (Belfer et al., 2000). However, the chemical complexity
of paper mill effluents makes it difficult to be precise in characterizing membrane
foulingusingthe FTIR test. Notwithstandingthis,an importantcharacteristic of all these
foulantcompoundsisthat they contain a C=0 group in their structures, such as in the
carboxylic acids [-C(=0)-OH] or carboxylate [-C(=0)-O" ], and this bond absorbs in a
strong band in the range around 1690-1750 cm® and 1550 cm, respectively, in
addition all the carbohydrates absorb at about 3400 cm™! (-C-OH) and at about 1060
cm® (-C-OH or C-O-C) (Carlsson et al., 1998). Thus, this band is significant in IR

(Infrared) fouling analysis of fouled membranes.

Several FTIR spectra from UF membranes (10 kDa, 50 kDa and 100 kDa) were
obtained in this study, the infrared spectra of the fresh PES UF membrane and fouled
membranes by filtration of PMTE (dead-end filtration protocol section 6.3.1) with
NaHCOs (Immol/L) are provided in Figure 6-13.
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Figure 6-13 - ATR-FTIR spectra comparison of fresh PES membrane and fouled membrane:

(a) 10 kDa; (b) 50 kDa, and (c) 100 kDa (the IR spectrum comparison between MWCO

membranes were almost the same) and DCS- fouled PES membranes (10 kDa, 50kDa and

The

100 kDa) by PMTE filtration (d).

broad bands between 3250 and 3400 cm-!, were attributed to the overlapping of

bands from the stretching vibrations of the N—H stretching in amides and the O-H

stretching in the hydroxyl groups in the polysaccharides (DCS) within the membrane
(Howe et al., 2002; Jarusutthirak et al., 2002).
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The bands between 2900 cm! and 2850 cm-, which correspond to aliphatic-CHz
asymmetrical stretching and symmetrical groups (Goh et al., 2011), and the bands
near 1080 cmtand 1070 cm1, which correspondto CH aromatics (Dhakal, 2017), can
both relate to the presence of humic substances.

The peaks absorbed at wavelengths around 1730 cm were indications of carboxylic
groups attributed to fatty acids (carboxylic acid) and resin acids (carboxylate ion), both
recognized contaminants in recycled paper mill effluent treated by aerobic and
anaerobic reactor, and they suggest a strong source of the membrane fouling
(Ramamurthy et al., 1995).

The peaks located at 1650.55 cm™ and 1544.65 cm™ are due to C=0 stretching in
amide | and amide Il attributed to the presence of proteins (Maruyama, 2001; Zhu et
al., 2011), suggesting they are a component of the EPS attached to the membrane

surface.

The peaks around 1072 cm™ might suggest that polysaccharide-like substances
(cellulosic species) are significant foulants on the membrane (Her et al., 2004,
Kallioinen etal., 2003; Kimura et al., 2005).

The identified functional groups and the typical organic compounds based on the IR
spectra associated with the foulantsin the membranes fouled by DCS coming from the

paper mill treated effluentare shown in Table 6-7.

Table 6-7- Peaks and assignments of infrared spectra for clean and fouled
membranes.

Absorption Peak Associated Group Compound
(cm)
1050 C-O stretching and/or Polysaccharide-like or Sugar ester
Stretching—S =0 sulphates
1100 - 1080 CH aromatic Humic substances
1570 -1545 Amide Il (C-N and N-H bonds) Proteins
1670 -1630 Amide | (C=0) Proteins
1730 [-C(=0)-OH] Fatty acids
2900 - 2850 Aliphatic-CHz stretching Humic substances
Bonded N-H/C-H/O-H stretching Proteins, Polysaccharides and
3400 -3330 vibration mode Humic substances

«» Interpretation of IR spectra was based on Carlsson et al.(1998), Ramamurthy
et al.(1995) and Puro et al. (2011).

211



6 Chapter: ldentification of Foulants on PES Membranes

Therefore, according to the results, it can be suggested that the membrane foulants
mainly consisted of fatty and resin acids, proteins, humic substances, and
polysaccharides (cellulosic species), which is also consistent with the findings of the
3DEEM analysis.

Then, the comparison of the signals between fouled and cleaned membrane shows
that the irreversible foulant was aliphatic-CH2 and bonded N-H/C—-H/O-H stretching
(Figure 6-13 a-c).

6.4.7 SEMandEDS analysis

Images of the fresh and fouled membrane structures were taken using field emission
scanning electron microscopy (FESEM). Furthermore, energy dispersive spectroscopy
(EDS) analyses were carried outin order to investigate the inorganic composition of

the foulants deposited on the membranes.

Figure 6-14 shows the surface of the fresh, fouled and cleaned PES membranes (10
kDa MWCO, 50 kDa MWCO and 100 kDa MWCO). The pore can be easily identified
before the UF. However, as expected, in the FESEM-images of the fouled membranes,
a strong fouling layer can be seen on the membrane, due to the deposit of DCS,
causing adsorption and pore blockage by low-molecular weightcontaminants and the
formation of a cake layer by macromolecular contaminants accumulated on the

membrane surface.

EDS analysis was, therefore, performed to investigate the inorganic foulants
composition and to study the influence of metal ions on membrane fouling. The
elemental composition (EDS results) of both membranes (fresh and fouled) is shown
in Figure 6-15 and Table 6-8.
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Figure 6-14 - FESEM images of the membrane surfaces (a) fresh 10 kDa MWCO; (b) fouled 10 kDa MWCO; (c) cleaned 10 kDa MWCO, (d)
fresh 50 kDa MWCO; (e) fouled 50 kDa MWCO; (f) cleaned 50 kDa MWCO, (g) fresh 100 kDa MWCO; (h) fouled 100 kDa MWCO; (i) cleaned
100 kDaMWCO.
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Figure 6-15 - EDS spectrum of the membrane surfaces (a) fresh 10 kbDa MWCO; (b) fouled 10 kDa MWCO; (c) fresh 50 kDa MWCO; (d) fouled

50 kDa MWCO; (e) fresh 100 kDa MWCO; (f) fouled 100 kDa MWCO.
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Table 6-8 - Inorganic composition of fresh and fouled membranes.

10 kDa 50 kDa 100 kDa

Fresh Fouled Cleaned Fresh Fouled Cleaned Fresh Fouled Cleaned

Element Sweight Weight Weight Weight Weight Weight Weight Weight Weight
(%) (%) (%) (%) (%) (%) (%) (%) (%)

C 68.89 69.62 69.09 4110 49.13 63.88 71.67 69.60 67.76

O 18.60 18.53 18.72 33.14 29.36 19.47 16.39 18.33 18.47

S 1250 11.84 12.18 4.28 3.70 9.70 10.53 9.75 3.70

Na - - - 2.77 4.87 2.15 0.34 0.77 1.92
Mg - - - 1.08 0.63 0.16 - - -
Si - - - 1.038 3.63 0.08 - - -
Cl - - - 1.22 2.17 1.09 0.58 0.70 1.99
K - - - 0.43 0.56 0.17 0.37 0.28 0.75
Ca - - - 1450 5.95 3.30 0.13 0.52 0.55
Al - - - 0.44 0.41 - - 0.04 -

Total: 100 100 100 100 100 100 100 100 100

EDS analysesconfirmthat carbon, oxygen and sulfurwere the main elements detected
in the fresh PES membranes, which agrees with the elemental chemical composition
of polyethersulfone. In addition, itis easy to see the presence of most metal elements
(sodium, calcium, magnesium and silicate) on the fouled membranes, especially

calcium, due to inorganic foulants (Erkan and Engin, 2017).

In addition, the C, O and S concentrations (weight %) were foundto be different
between the fresh and fouled membranes. The ratios of the differentmetal ions (Na*,
Mg 2, Sio;~, ClI-, Ca?*, K*, AlI®*) on the fouled membrane surfaces were found to be

differentforthe different MWCOs (10 kDa, 50 kDa and 100 kDa).

It is worth mentioning that, as described by Chen et al.(2015), the interaction between
the multivalent metal ions (electrolytes), such as Ca?* and Mg 2*, can alter the
thermodynamic and the kinetic stability of DCS via a Ca-and Mg-DCS complex and
aggregate formation (Bobacka et al., 1998). This consequently contributes to pore
blocking and cake formation on the membrane surface during UF caused by the

complexing of rejected colloidsand metal ionsinthe PMTE which isconfirmedthrough
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EDS analysis of Cl-, K* and Ca?* on washed membrane while Mg and Si were not

detected.

Moreover, Dorica et al. (1986) described that, underalkaline conditions, fatty and resin
acids (foulantcompounds identified by ART-FTIR) are probably presentin the form of
calcium salts and a small fraction of them could coagulate and deposit on the

membranes and consequently increase pore blocking.
6.5 conclusions

Three different MWCO (PES) membranes were studied to estimate the degree of
fouling caused by dissolved and colloidal matter (DCS), which come from paper mill

treated effluent.

Thus, it can clearly be seen that for the same specific filtration volume 6.0 ml.m-2 (i.e
250 + 0.5 ml of PMTE) for the lowest MWCO (10 kDa), the flux decline was smaller
and slower compared to the larger MWCO (100 kDa presented the greatest initial flux
and very quicklyfluxdeclined, mainly duringthefirstfew minutes of the filtration , which
can be attributed to the deposition of the DCS and adsorption into the membrane
pores). In addtion, the fouling resistance during the filtration of PMTE increased when
the MWCO increased from 10 kDa to 50 kDa and 100 kDa. This suggests that larger
pore size induces higher flow resistance probably due to highercake formation and
intermediate pore blocking, which was confirmed by the trend of fouling constantK .,
and K, resulting in a greater degree of fouling. For all membranes, cake formation
became the most dominant mechanism for permeate flux decline during UF of the
PMTE. It indicates that majority of foulants (macromolecules and colloids such as
proteins and polysaccharides)in feed solution (Miao etal., 2012) have bigger size than

membrane pores.

The 3DEEM analysis found that the dominant fluorescent substances on the fouled
membranes were mainly associated with colloidal proteins and macromolecular
proteins present in the dissolved phase as soluble microbial by-product-like materials,
which might be explained by the protein-like substances I+l and the SMP-like
substancesin the DCS having a higher molecular weightthan the MWCO and strong
hydrophobic adhesion over the membrane pores, meaning they were consequently

retained by the fine membrane pores and played a major role in the fouling on
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polyethersulfone UF membranes, whereas fluvic acid-like and humic acid-like

substances were of lesser relevance..

The ATR-FTIR and 3DEEM results agree with previous studies carried out by C.
Jacquin et al.( 2018), Puro et al.(2011) and Ramamurthy et al.(1995). So, it can be
concluded that hydrophobic substances with large molecular weight, such as protein -
like substancesand polysaccharides, are mostly responsible for UF membrane fouling,
whereas humic substances, which account for the majority of the dissolved organic
matter in DCS, played a minor role. Therefore, the deposition and adsorption of
proteins and polysaccharidesduring UF should be controlled by optimizing operational
conditions, such as transmembrane pressure (TMP), cross-flow velocity (CFV),

temperature and molecular weight cut-off (MWCO).

FESEM and EDS analysesindicated that the foulantsaccumulated and adsorbed onto
the membrane surfaces comprised notonly organic matter butalso inorganic elements
including Na, Mg, Si, ClI, Ca, K, and Al. These results showed that the presence of
multivalent metal ions, especially Ca2*, on the fouled membrane can accelerate
membrane fouling and can also contribute to irreversible fouling, whereas Mg and Si

induce reversible fouling
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7 CHAPTER : CONCLUSIONS AND FUTURE WORK
RECOMMENDATIONS

Membrane separation technology especially ultrafiltration (UF) have gained popularity
as a post-treatment to paper mill effluentdue to higher effluent quality, low installation
costs, simplify operation, smaller carbon footprints and ability to reduce contaminants

to below prescribed limits.

However, one of the drawbacks of membrane separation is fouling which limits the
wider-scale applications of the process in paper manufacturing applications (effluent
treatment). Fouling is a complex phenomenon, causing as a main consequence a
decrease in the permeate flux over time due to deposits of particles, colloids and
dissolved substances (inorganics and organics) on the surface and/or in the pores of

the membrane. Fouling in membrane increases operation and maintenance costs.
7.1 Conclusions

In this doctoral dissertation, membrane fouling on application of a UF system operated
at constant pressure with PES membranes for the removal of dissolved and colloidal
substances (DCS) from a paper mill treated effluent (PMTE) from a WWTP in a
papermaking factory, hasbeen demonstrated through 3research steps involving effect
of operating conditions on the average permeate flux, COD rejection rate and
cumulative flux decline (SFD) (Step 1), fouling mechanisms and behavior (modeling)
(Step 2), and Identification and characterization of membrane foulants (Step 3),

respectively.

The effects and significance of TMP, CFV, temperature and MWCO on the average

permeate flux (J/,), COD rejection rate and the cumulative flux decline (SFD), was
investigated by robust experimental design. Analysis of the percentage contribution
(P%) indicated thatthe TMP and MWCO have the greatest contribution to the J, (TMP
>MWCO >T > CFV) andSFD (MWCO > TMP > CFV > T). In the case of the COD
rejection rate, the results showed that MWCO has the highest contribution followed by
CFV (MWCO >CFV >T > TMP).
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The optimum conditionswere foundto be the secondlevel of transmembrane pressure
(2.0 bar), the third level of the cross-flow velocity (1.041 m/s), the second level of the
temperature (15 °C), and the third level of MWCO (100 kDa). The validation
experiments under optimum conditions achieved J,, COD rejection rate and SFD
results of 81.15 L/m?/h, 43.90% and 6.01 (around 28.96 % average flux decline index
(FD)), respectively.

Additionally, field emission scanning electron microscopy (FESEM) images under
optimum conditions showed that membrane fouling takes place at the highestrate in
the first 30 minutes of UF.

The results demonstrate the validity of the approach of using Taguchi method and
utility conceptto obtain the optimal membrane conditions for the wastewater treatment
using a reduced number of experiment. Therefore, this study could be used as a
guideline for improve operating UF systems applied as a tertiary treatment for

paperboard mill treated effluents under optimal conditions.

Once determined the best UF operating conditions, fouling behavior, especially on the

effects of DCS on foulingmechanisms was evaluated using membrane fouling models.

Analysis of membrane pore blocking models adapted to crossflow ultrafiltration
showed that the phenomenon controlling fouling, under most of the conditions tested,
was intermediate and complete blocking (R?>0.96), followed by the gel layer formation
model. It is represent that the colloidal matter is the main cause of the fouling as it
forms a cake on the membrane. In addition, it was observed that the particle size
distribution in the feed stream after the conventional filtration was between 1642 -
158.9 nm, which suggests the presence of dissolved material (<220 nm) responsible
by precipitating on the membrane surface and becoming adsorbed within the

membrane pore space.

In constant-pressure filtration, one of the reasons for a deviation between the
theoretical model and the experimental can be explained by the necessity of
experimental data such as patrticle size, cake concentration (volume fraction), filtration
number, concentration and porosity of cake on the membrane surface, among other
parameters, that are not always possible to measure easily and accurately. Whereas

good measurements of these experimental parameters and componentspresentinthe
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PMTE would surely give a better fit between the experimental data and the theoretical

model.

Measurements of particle size distribution and zeta potential near the isoelectric point,
showed a substantial reduction in colloidal compounds. Additionally, given that COD
was removed downto 110 mg/L, it could be said that UF is suitable for producing water

that can be reused in different papermaking processes.

The results of SUVA, FESEM - EDS, 3DEEM and ATR-FTIR analyses provided a
better understanding of foulants characteristics.The 3DEEM results indicate that the
dominant fluorescent substances on the fouled membranes were mainly associated
with colloidal proteins (protein-like substances I+ll) and macromolecular proteins
present in the dissolved phase as soluble microbial by-product-like materials (SMP-
like substances), whereas fluvic acid-like and humic acid-like substances were of

lesser relevance.

In addition, polysaccharide (cellulosic species), fatty and resin acid substances were
identified on the fouled membrane by the ATR-FTIR analysis and they play an
importantrole in membrane fouling. In addition,the FESEM and EDS analysesindicate
that the presence of inorganic foulants on the membrane surfaces, such as multivalent

metal ions and especially Ca?* that could accelerate membrane fouling.

Therefore, it can be concludedthathydrophilic substances with large molecularweight,
such as protein-like substances and polysaccharides, are mostly responsible for UF

membrane fouling.

In summary, the research presented in this thesis was focused on understanding
membrane fouling mechanisms through mathematical modelling and identify the
chemical composition and possible origins of membrane foulants by 3DEEM and
conventional technics,in orderto improvingthe operation conditions via statistical DOE
(Taguchi methodology) during the UF process applied to remove DCS on the PMTE.

7.2 Recommendations and future work
Based on the results presented in this thesis, the following future work is suggested:

1. Experimental determination of the input parameters of cake formation in

constant-pressure model during UF process to remove colloids and dissolved
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matter from PMTE, including the cake porosity (void volume fraction) (€,4x.) ON
the membrane surface, the mean particle diameter (d,), cake concentration
(C.q4xe) and others characteristics of ther cake filtration as the shape of the
colloids and total surface area of the particles per unit volume of cake (S), in
order to better fit that kind of model.

2. Carry out experimental methods for spliting DCS taken from a PMTE in terms
of size and hydrophobicity, in order to deepen understanding of membrane
fouling mechanisms.

3. Investigate the phenomena of colloid aggregation after the UF process, since
that some of the particle distribution in the permeate presents colloidal
substances with a size greater than cut-off of the membrane.

4. Study membrane cleaning strategies (physical condition and chemical agents)
to determine the optimal procedure for flux recovery, especially in the first 30
minutes of the process. Moreover, investigate pre-treatments to control
membrane fouling in PES UF membranes (flat sheet) used to remove DCS

come from paper mill secondary effluent.
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Appendix A: Factorial Design Calculations

ct | c2 | c3| ca cs c6 c7 cs co C10 ci1 c2 | c13 | cua c15 ci6 | c17 ci8 c19 C20
(Tb'\ng; ((r:n':/\s/) (OTC) CouﬁE (L.mJ-Zh- (3;’/% f?ﬂ‘q‘filr;g SNRA1 | MEAN1 | PSNRA1 | PMEAN1 | SNRA2 | MEAN2 | PSNRA2 | PMEAN2 | SNRAZ | MEAN3 | PSNRA3 | PMEAN3 | nobs
(kDa) 1)

1| 1 o046 |150]| 10 1810 | 56,25 | 1,26E+13 | 25,16 | 18,10 | 4444 | 14929 | 3500 | 5625 | 37,04 | 69,81 |-261,99 | 1,26E+13 | 244,35 | 1,65E+12 | -66,61
o] 1 |o7s|225| s0 3821 | 4885 |579E+12 | 31,64 | 3821 3378 | 4885 -255,25 | 5,79E+12 62,65
5| 1 | 104|300 100 56,16 | 55,83 | 1,65E+12 | 34,99 | 56,16 3494 | 5583 -244.35 | 1,65E+12 57,57
a| 2 |o46|225| 100 | 10704 | 4692 | 606E+12 | 40,66 | 107,94 3343 | 46,92 -255,65 | 6,06E+12 59,01
5| 2 |o075|300]| 10 5044 | 60,42 | 1,02E+13 | 34,06 | 50,44 3562 | 60,42 -260,14 | 1,02E+13 62,86
el 2 | 104|150 50 96,51 | 57,69 | 5456412 | 39,69 | 96,51 3522 | 57,60 -254,73 | 5,45E+12 50,34
;1 3 |oa46|300]| 50 8158 | 50,46 | 1,83E+13 | 38,23 | 81,58 34,06 | 50,46 -265,26 | 1,83E+13 63,68
¢l 3 |075[150 | 100 | 15952 | 5375 | 4,84E+12 | 44,06 | 159,52 3461 | 5375 -253,70 | 4,84E+12 57,50
ol 3 | 104|225 10 64,80 | 6875 | 1,49E+13 | 36,23 | 64,80 36,75 | 68,75 -263,45 | 1,49E+13 62,86
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Main Effects Plot for Means

General Linear Model: J average 25 puntos versus TMP (bar); CFV (m/s); T (°C);
Cut-off (kDa)

The following terms cannot be estimated and were removed:

TMP (bar) *Cut-off (kDa)

Method

Factor coding (-1; 0; +1)

Factor Information

Factor Type Levels Values

TMP (bar) Fixed 3 1; 2; 3

CEV (m/s) Fixed 3 0,463; 0,752; 1,041

T (°C) Fixed 3 15,0; 22,5; 30,0

Cut-off (kDa) Fixed 3 10; 50; 100

Analysis of Variance

Source DF Seqg SS Contribution Adj SS Adj MS F-Value P-Value
TMP (bar) 2 3718,5 46,29% 3718,5 1859,26 34,63 0,000
CEV (m/s) 2 239,2 2,98% 239,2 119, 58 2,23 0,164
T (°C) 2 770, 4 9,59% 770,4 385,22 7,17 0,014
Cut-off (kDa) 2 2822,1 35,13% 2822,1 1411,03 26,28 0,000

Error 9 483, 2 6,02% 483, 2 53, 69

Total 17 8033,4 100,00%

Model Summary

S R-sg R-sqg(adj) PRESS R-sqg (pred)
7,32740 93, 98% 88,64% 1932,87 75,94%

Regression Equation

J average 25 puntos = 51,79- 20,20 T™MP (bar) 1 + 12,09 TMP (bar) 2 + 8,11 TMP (bar) 3

+ 3,11 CFV (m/s)_0,46+ 2,01 CFV (m/s) 0,752

- 5,12 CFV (m/s) 1,041 - 0,19 T (°C) 15,0 + 8,10 T (°C) 22,5
- 7,92 T (°C)_30,0 - 13,48 Cut-off (kbDa) 10 - 3,21 Cut-
off (kDa) 50 + 16,69 Cut-off (kDa) 100

Main Effects Plot for SN ratios
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TaguchiAnalysis: SNRA1 versus TMP (bar); CFV (m/s); T (°C); Cut-off (kDa)

Response Table for Signal to Noise Ratios

Larger 1is better

Cut-off
Level TMP (bar) CFV (m/s) T (°C) (kDa)
1 29,63 30,62 30,96 29,95
2 31,60 31,18 31,12 31,21
3 31,90 31,34 31,06 31,98
Delta 2,27 0,73 0,17 2,03
Rank 1 3 4 2
Response Table for Means

Cut-off
Level TMP (bar) CFV (m/s) T (°C) (kDa)
1 30,60 34,68 36,30 31,81
2 38,14 36,58 36,18 36,52
3 39,51 36,97 35,76 39,90
Delta 8,91 2,29 0,54 8,09
Rank 1 3 4 2
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Appendix B: The Matlab modelling programmes.

%% CROSS-FLOW ULTRAFILTRATION.m
1c

Q

clear all
close all
disp ("' ');
disp('~)<~k***********************’);
disp('* PROGRAM HEADER *');;
disp('*************************');

o)

n=0; % Parameter of differential equation
k ini=l.e6; % Initial value of the setting constant
% Reading experimental data:
datos exp=load('modelo 3bar.txt');%load (nombre fichero);
Xexp=datos exp(:,1);
Yexp=datos exp(:,2);
% Define the limits of the variable JO0 and Jss
J0=Yexp (1) ;

Jss=Yexp (end) ;

param.J0=J0;
param.Jssn=Jss/J0; % Final flux normalized with JO

o)

Yexp=Yexp/JO0; % Normalized flux with JO0
% Identify the ODE system

b=b ini;

f=@ (X,Y) EDOs opt(X,Y,b,param);

%% OPTIMIZATION PROCEDURE
bO0=b ini;
b inf=input (' Limite inferior para los parametros de ajuste: ');
b sup=input (' Limite superior para los parametros de ajuste: ');

g=@ (b) dif Y(b,Xexp,Yexp,Y0,param);
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[b, resnorm, residual,exitflag, output, lambda,Jacobiano]=lsgnonlin (g, b0
,b_inf,b sup,options);

$% ODE SYSTEM SOLVING WITH FINAL FITTING PARAMETER VALUES
f=@ (X,Y) EDOs_opt (X,Y,b,param);
[Xopt, Yopt]=0delb5s (f, Xexp, Y0, opciones); $odel5s (f, Xspan, Y0, opciones) ;

CROSS-FLOW UF FUNCTION.m

function dYdX=EDOs opt (X,Y,b,param)
% Assign generic dependent variables Y to the particular ones
Jn=Y;
if n~=1.5
ddndt=-k* (Jn-Jssn)* (JO*JIn) * (2-n) ;
else ddndt=-k* (Jn)* (JO0*Jn) "~ (2-n);
end
dYdX=dJndt;

end

%% DEAD - END ULTRAFILTRATION.m
% Variables

global Jo % initialflux
Jo=datos exp(l,2);

global Jpss % steady stat flux
Jpss=datos exp (end, 2) ;

%Initial guess of the model constant and model fit

options= optimset ('TolFun',1e-20);
initialConditions Complete = 1l.e-3;

[newParameters Comp,error Comp]=
lsgcurvefit (@JComplete,initialConditions Complete,x,y, [], [],options)

initialConditions Intermediate = 1.0e-3;

[newParameters Int,error Int]=
lsgcurvefit (@JIntermediate, initialConditions Intermediate,x,y,[],[],
options) ;

initialConditions Standard = 0.016;
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[newParameters Stand,error Stand]=
lsgcurvefit (@JStandard,initialConditions Standard, x,y,[], [],options)

4

initialConditions cake = 1000000;

[newParameters Cake,error Cake]=
lsgcurvefit (@JCake,initialConditions_cake, x,y, [], [],0options);

DEAD-END UF FUNCTION.m

o)

% Function Complete blocking
function output= JComplete (param,input)

a = param(1l);

output =Jdpss + (Jo - Jpss) *exp (-a.*input) ;
end
% Function Intermediate blocking
function output= JIntermediate (param, input)
a = param(1l);

output=(Jo*Jpss*exp (IJpss*a.*input)) ./ (Jpss+Jo* (exp (Jpss*a
.*input) -1));

end
% Function Standard blocking
function output= JStandard (param,input)
a = param(1l);
output =4*Jo./ (2+Jo.”0.5*%a.*input) ."2;
end
% Function Cake filtration
function output= JCake(param, input)
a=param(l) ;
b=param(2) *1leb6;
alphaO=param(3) ;
d=param(4) ;
cont=-a./ (b.*Jo."2);

output= Jo.* ((l-alpha) .*exp (cont.* ((1
2.*b*Jo.”2.*input).”0.5 - 1))+alpha) ./ (1
2.*b*Jo."2.*input) ."0.5;

end

237



%% OPTIMIZATION PROCEDURE

y2 Comp = JComplete(newParameters Comp,x); % permeate flux
fitted
y2 Int = JlIntermediate(newParameters Int,x); % permeate flux
fitted

(o)

y2 Stand= JStandard (newParameters Stand,x); % permeate flux
fitted

y2 Cake= JCake rev (a Cake,x,Vy);

% Suma de cuadrados sobre la media (SST)
y_sum=sum (y) ;

n=numel (y) ;

yavg=y sum/n;

degree of freedom = n-2;
df=degree of freedom;

diff2=y-yavg;

diff2 sg=(diff2)."2;

SST=sum (diff2 sqg

plot (x,y,'ob',x,y2 Comp,'-.r',x,y2 Int,'-.k',x,y2 Stand, '-
.m',x,y2 Cake, '-.g")

title('Blocking model fit'")

xlabel ({'Time (s) '})

ylabel ({'J (m/s)'})

legend('Experimental permeate flux ', 'Complete blocking model
', '"Intermediate blocking model', 'Standard blocking

model', 'Cake formation model', 14, 'Location', 'NorthEast');
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