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______________________________________ 
Abstract i. 
 

 
Industrial i.wastewater i.is i.the i.aqueous i.discard i.that i.results i.from i.substances i.having i.been 

i.dissolved i.or i.suspended i.in i.water, i.typically i.during i.the i.use i.of i.water i.in i.an i.industrial 

i.manufacturing i.process i.or i.the i.cleaning i.activities i.that i.take i.place i.along i.with i.that 

i.process. i. i.The i.wastewater i.treatment i.describes i.the i.processes i.used i.for i.treating 

i.wastewater i.that i.is i.produced i.by i.industries i.as i.an i.undesirable i.by-product. i.After 

itreatment, i.the i.treated i.industrial i.wastewater i.may i.be i.reused i.or i.released i.to i.a i.sanitary 

i.sewer i.or i.to i.a i.surface i.water i.in i.the i.environment. i.Inorganic i.effluents i.are i.produced 

i.from i.various i.industries, i.including i.textile, i.electroplating, i.paints i.and i.stainless i.steel 

i.manufacturing i.which i.leads i.to i.alarming i.the i.concern i.to i.the i.environmental i.issues. i.These 

i.inorganic i.micro-pollutants i.are i.generally i.toxic i.and i.non-biodegradable i.in i.the 

i.environment. i.The i.majority i.of i.the i.inorganic i.micro-pollutants i.consist i.of i.metal i.ion 

i.carrying i.charge i.and i.this i.fact i.can i.be i.used i.to i.separate i.them i.using i.membranes i.with 

i.comparatively i.bigger i.pore i.size i.and i.having i.charge i.on i.their i.surface. i.In i.fact, i.the 

i.development i.of i.nanofiltration i.membranes i.has i.improved i.the i.economy i.of i.the i.process 

i.because i.they i.perform i.comparable i.separation i.at i.much i.lower i.pressure i.as i.compared i.to 

i.the i.reverse i.osmosis i.membranes. i.Therefore, i.the i.necessity i.of i.obtaining i.higher 

i.performance i.with i.lower i.cost i.lead i.to i.development i.of i.charged i.membranes i.for 

i.ultrafiltration i.to i.separate i.metal i.ions i.from i.industrial i.effluents. i.These i.membranes i.are 

i.gaining i.popularity i.in i.wastewater i.treatment i.due i.to i.their i.capability i.for i.electrostatic 

i.interactions i.between i.a i.charged i.membrane i.and i.metal i.ions, i.even i.when i.wide i.pore 

i.membranes i.are i.used. 

  Solar i.energy i.is also being use to minimize the cose in some cases. Sunlight i.may provide i.heat 

i.for i.evaporative i.desalination i.processes, i.or i.for i.some i.indirect i.methods, i.convert i.to 

i.electricity i.to i.power i.a i.membrane i.process. i.Solar i.derivatives i.have i.been i.studied i.and i.in 

i.some i.cases i.implemented i.in i.small i.and i.medium i.scale i.plants i.around i.the i.world. 

i.Production i.data i.shows i.that i.MSF i.solar i.distillation i.has i.an i.output i.capacity i.of i.6-60 

i.L/m2/day i.versus i.the i.3-4 i.L/m2/day i.standard i.output i.of i.a i.solar i.still i.which i.is i.why i.it i.is 

i.one i.of i.the i.major i.sourse i.of i.energy i.to i.treatment i.of i.the i.wastewater i.for i.pure i.water 

i.production. i.Ceramic i.membranes i.have i.been i.exploited i.in i.different i.fields. However, i.in 

i.the i.development i.of i.these i.ceramic i.membranes, i.expensive i.commercial i.ceramic 



 

vii 
 

i.supports i.such i.as, i.alumina, i.titania i.and i.zirconia i.are i.used, i.contributing i.significantly 

i.to i.cost i.of i.production i.of i.these i.membranes. i.Despite i.this i.shortcoming, i.ceramic 

i.membranes, i.employed i.as i.UF i.membranes, i.have i.been i.extensively i.used i.for 

i.concentrating i.and i.purifying i.macromolecular i.species i.in i.aqueous i.solutions. i.Especially, 

i.membranes i.with i.single i.or i.multiple i.separative i.layers i.are i.made i.by i.depositing i.the 

i.active i.layers i.on i.macroporous i.supports i.resulting i.in i.asymmetric i.membrane i.materials 

i.with i.varied i.pore i.size. i. i. 

  The i.present i.study i.describes i.the i.preparation, i.characterization i.and i.performance 

i.evaluation i.of i.three different types of ceramic i.membranes i.prepared i.using i.low i.cost 

i.material i.as i.support including utilization of renewable energy for the water treatment and 

reclamation.These i.fabricated i.membranes i.were i.employed i.to i.treat i.two i.effluent 

i.discharges i.from i.the i.industry and other possibility will also explored.. 
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____________________________________________________________________________ 

CHAPTER i.1 

INTRODUCTION 

____________________________________________________________________________ 
 

This i.thesis i.corresponds i.to i.the i.introduction i.of i.this i.PhD i.thesis i.document i.in i.which i.all i.the i.work i.carried 

i.out i.to i.achieve i.the i.planned i.objectives i.in i.detailed. i.Thereby, i.the i.aim i.of i.this i.chapter i.is i.to i.first i.describe 

i.the i.main i.objective i.of i.this i.PhD i.thesis i.in i.section i.1.1. i.Then, i.the i.thesis i.structure i.are i.presented i.in i.Section 

i.1.2. i.Finally, i.in i.section i.1.3 i.a i.brief i.outline i.of i.the i.structure i.of i.this i.thesis i.is i.presented, i.which i.provides i.a 

i.summary i.of i.every i.chapter. 

 

 

1.1  Thesis i.Objectives 

 

Keeping i.the i.mentioned i.issues i.in i.previous i.section i.in i.mind, i.the i.general i.objectives i.of i.this i.thesis i.is 

i.to i.find i.a i.low i.cost i.membrane i.material i.for i.the i.treatment i.of i.industrial i.wastewater i.without i.using 

i.conventional i.energy i.whereas i.use i.of i.renewable i.energy. i.In i.this i.regard i.the i.complete i.work i.is 

i.divided i.into i.different i.parts i.to i.fulfil. i.The i.general i.objectives i.are i.stated i.below: i. 

1) Litrature i.review i.on i.membrane i.and i.utilization i.of i.renewable i.energy i.in i.membrane 

i.separation 

a) Membrane i.Materials, i.configuration i.and i.application 

b) Use i.of i.Renewable i.energy i.in i.membrane i.science 

c) Summary i.of i.renewable i.energy i.based i.membrane i.water i.treatment 

2) Synthesize i.of i.Kaolin i.ceramic i.membrane i. 

a) Membrane i.Characterization 

b) Treatment i.of i.wastewater i.from i.explosive i.manufacturing. 

c) Optimize i.the i.operating i.conditions 

3) Synthesize i.Olive-based i.Activated i.carbon i.as i.Biosorbent i.(OAB) i.for i.dye. 

a) Active i.carbon i.characterization 
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4) Synthesize i.and i.characterize i.geopolymer-13X-OAB i.ceramic i.composite. 

a) Optimize i.the i.appropriate i.amount i.of i.OAB i.additive i. 

b) Perform i.routine i.characterization i.to i.the i.composite 

c) Apply i.the i.as-synthesized i.13X-OAB i.for i.cationic i.dye i.adsorption 

d) Application i.of i.artificial i.solar i.heat i.for i.photodegredation i. 

5) Fabricate i.low i.cost i.natural i.Turkish i.zeolite i.membrane 

a)  i.Perform i.routine i.characterization i.to i.the i.composite 

b) Apply i.the i.as-synthesized i.membrane i.for i.dye i.adsorption i. 

 

1.2 Thesis i.Structure 

The i.structure i.of i.this i.thesis i.is i.described i.in i.this i.section i.introducing i.the i.different i.parts i.and 

i.chapters. i.Thereby, i.a i.short i.description i.of i.contents i.and i.its i.related i.published i.papers i.are i.also 

i.provided i.wherever i.relevant. i. 

Apart i.from i.Chapter i.1 i., i.where i.the i.introduction, i.motivation i.and i.general i.objectives i.of i.the i.thesis 

i.and i. i.in i.Chapter i.2 i.and i.where i.the i.state i.of i.the i.art i.on i.Membrane i.technologies, i.New i.low i.cost 

i.materials i.and i.their i.applications. i.In i.Chapter i.3 i.the i.discussions i.about i.different i.sources i.of i.waste 

i.water i.and i.renewable i.energy i.driven i.membrane i.based i.treatment i.is i.considered i.in i.this i.thesis. i.This 

i.PhD i.thesis i.is i.divided i.into i.two i.parts i.related i.to i.different i.mentioned i.objectives i.as i.follows: 

 

 Part i.I i.entitled i.Contributions i.contains i.the i.following i.chapters 

  

• Chapter i.4 : i.Renewable i.energy i.based i.desalination 

• Chapter i. i.5 : i.Industrial i.water i.pollution i.and i.membrane i.treatment 

• Chalter i.6 : i.Renewable i.energy i.used i.in i.membrane i.reactor 

• Chapter i.7 : i.New i.membrane i.fabrication 

• Chapter i.8 : i.Results i.and i.discussions 

 

Part i.II i.entitled i.Conclusion i.and i.future i.research i.contains i.the i.following i.chapter: 

Chapter i.9 i.Concluding i.Remarks i.and i.future i.direction 
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Chapter i.2 

 This i.chapter i.mainly i.focuses i.on i.the i.state i.of i.the i.study i.of i.membrane i.technology. i.Different 

i.membrane i.materials, i.their i.configuration i.and i.characteristic i.has i.been i.discussed. i.Not i.only i.that i.the 

i.separation i.mechanism i.and i.their i.transport i.mechanism i.has i.also i.been i.discussed. i.Different 

i.membrane i.process i.and i.application i.of i.different i.configuration i.in i.different i.industry i.has i.also i.been 

i.documented. 

 

Chapter i.3 

 Chapter i.3 i.is i.based i.on i.the i.renewable i.energy i.technology i.and i.different i.types i.of i.waste 

i.water i.sources. i.The i.contamination i.of i.water i.bodies i.from i.different i.industrial i.processes i.has i.been 

i.summarized. i.The i.effect i.of i.the i.pollution i.on i.marine i.life i.as i.well i.as i.their i.impact i.on i.environment 

i.has i.also i.been i.summarized. i.Different i.parametric i.study i.of i.different i.types i.of i.wastewater i.has i.also 

i.been i.documents i.in i.this i.chapter. i.In i.this i.chapter i.we i.also i.discussed i.the i.use i.of i.renewable i.energy 

i.for i.different i.applications. i.Different i.type i.of i.renewable i.energy i.has i.also i.been i.summarized. 

i.Membrane i.and i.membrane i.based i.photocatalytic i.activities i.has i.also i.been i.review. i. 

 

Chapter i.4 i. i. 

 

This i.chapter i.based i.on i.a i.book i.chapter i.published i.after i.rigorous i.study i.the i.state i.of i.the i.art 

i.of i.renewable i.energy i.based i.desalination. i.Energy i.is i.needed i.to i.produce i.fresh i.water; i.thus i.water-

energy i.nexus i.is i.a i.crucial i.area i.of i.interest. i.when i.considering i.the i.impact i.of i.fresh i.water i.production 

i.on i.sustainability. i.So i.the i.concept i.of i.renewable i.energy i.arises i.and i.considered i.in i.this i.chapter. i.A 

i.lot i.of i.fossil-based i.energy i.is i.consumed i.for i.water i.production i.worldwide, i.leading i.to i.considerable 

i.environmental i.impacts. i.As i.a i.result, i.schemes i.that i.can i.produce i.vast i.amounts i.of i.energy i.in i.a 

i.sustainable i.manner i.and i.ensure i.simultaneous i.production i.of i.fresh i.water i.are i.summarized i.and 

i.described i.in i.this i.book i.chapter. 

 

Chapter i.5 
 
 In i.this i.chapter i.various i.source i.of i.industries i.and i.their i.pollutants i.has i.been i.discussed. 

i.Pollution i.from i.the i.industries i.are i.increasing i.day i.by i.day. i.This i.resulted i.in i.serious i.pollution 

i.problems i.in i.the i.water i.bodies i.and i.caused i.negative i.effects i.to i.the i.eco-system i.and i.human’s i.life. 

i.There i.are i.many i.types i.of i.industrial i.wastewater i.pollutants i.based i.on i.different i.industries i.and i.each 

i.sector i.produces i.its i.own i.particular i.combination i.of i.pollutants i.from i.the i.processes. i.The i.technology 

i.for i.the i.treatment i.of i.industrial i.wastewater i.must i.be i.designed i.more i.specifically i.for i.the i.particular 

i.type i.of i.pollutants i.produced. i.Membrane i.has i.made i.important i.contributions i.to i.the i.welfare i.of 

i.people i.with i.positive i.quality i.of i.life i.more i.than i.the i.majority i.of i.all i.other i.disciplines. i.In i.this 

i.chapter i.most i.of i.the i.industrial i.pollutants i.and i.their i.membrane i.based i.treatment i.mechanisms i.are 



 

4 
 

i.described. i.This i.chapter i.is i.based i.on i.another i.book i.chapter i.published i.as i.a i.state i.of i.the i.art i.study 

i.on i.the i.said i.topics. 

 

Chapter i.6 

Pharmaceutical i.waste i.is i.one i.of i.the i.major i.threats i.to i.our i.environment i.that i.adversely 

i.affects i.the i.aquatic i.life i.with i.considerable i.changes i.in i.the i.ecosystem. i.Pharmaceutical i.waste i.is 

i.entering i.the i.environment i.with i.or i.without i.any i.modification i.of i.parent i.compounds i.after i.their 

i.intake i.and i.excretion i.by i.living i.bodies. i.Pharmaceutical i.compounds i.such i.as i.antibiotics, i.steroids 

i.and i.hormones i.are i.being i.disposed i.in i.water i.bodies i.globally. i.However, i.several i.groups i.of 

i.researchers i.have i.proven i.that i.different i.pharmaceutical i.compounds, i.mainly i.antibiotics, i.can i.neither 

i.be i.removed i.during i.wastewater i.treatment i.nor i.be i.biodegraded i.in i.the i.environment i.due i.to i.their 

i.antibacterial i.properties. i.In i.this i.chapter i.6 i.we i.focused i.on i.the i.photocatalytic i.process i.and i.study i.the 

i.efficiency i.of i.this i.process i.to i.remove i.contaminants i.from i.waste i.stream. i.Assessment i.of i.the i.process 

i.efficiency i.necessitates i.optimisation i.of i.the i.process i.conditions i.has i.also i.been i.discussed i.in i.this 

i.book i.chapter. i. 

Chapter i.7 

 

 Nowadays, i.the i.use i.of i.organic i.membranes i.is i.more i.developed i.but i.ceramic i.membranes 

i.presents i.a i.number i.of i.advantages, i.such i.as i.better i.thermal, i.chemical i.and i.mechanical i.resistance 

i.unfortunately i.these i.membranes i.are i.too i.expensive i.to i.consider i.economic i.applications i.in 

i.depollution i.control i.which i.needs i.high i.fluxes i.and i.low i.costs i.to i.treat i.great i.volumes i.of i.wastewater. 

i.To i.overcome i.this i.drawback, i.many i.researches i.were i.devoted i.to i.the i.preparation i.of i.new 

i.membranes i.with i.high i.permeate i.flux i.for i.the i.treatment i.of i.large i.volumes i.of i.effluent. i.In i.this 

i.chapter i.the i.fabrication i.of i.three i.different i.ceramic i.membranes i.with i.high i.flux i.will i.be i.evaluated. 

i.In i.the i.first i.phase i.the i.membrane i.prepared i.in i.India i.during i.my i.stage i.will i.be i.discussed. i.Followed 

i.by i.the i.phase i.I i.started i.my i.laboratory i.activity i.here i.in i.Italy i.at i.DIMES. i.We i.also i.explored i.the 

i.possibility i.to i.use i.natural i.adsorbent i.for i.the i.membrane i.fabrication i.which i.can i.not i.only i.improve 

i.the i.mechanical i.strength i.but i.also i.adsorption i.capacity i.of i.reactive i.dye. i.Application i.of i.solar 

i.radiation i.as i.a i.source i.of i.renewable i.energy i.was i.also i.investigated i.in i.this i.period. i.In i.the i.final i.phase 

i.I i.again i.spent i.few i.months i.in i.Tunisia i.for i.the i.study i.of i.low i.cost i.ceramic i.membrane i.fabrication i.by 

i.clay i.materials. i. 

 

Chapter i.8 

 The i.fabricated i.membrane i.in i.previous i.chapter i.has i.been i.characterized i.for i.further 

i.application. i.SEM, i.EDX, i.FTIR, i.Mechanical i.strength i.were i.done. i.Not i.only i.that i.the i.membrane i.was 
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i.then i.characterises i.with i.pure i.water i.to i.measure i.the i.flux i.and i.permeability. i.The i.fabricated 

i.membrane i.was i.then i.applied i.for i.the i.treatment i.of i.different i.wastewater. i.Adsorption i.of i.dye i.was 

i.measured i.and i.kinetic i.was i.studied. i.Application i.of i.artificial i.solar i.light i.was i.also i.investigated i.in 

i.this i.chapter i.and i.discussed. 

 

Chapter i.9 

 Concluding i.remarks i.and i.future i.prospects i.of i.this i.research i.will i.be i.summarized i.followed i.by 

i.appendix. i.The i.appendix i.will i.contain i.another i.two i.of i.my i.publications i.which i.is i.somehow i.during 

i.my i.PhD i.but i.our i.of i.the i.topic i.of i.this i.thesis. 
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____________________________________________________________________________ 

CHAPTER i.2 

MEMBRANE iTECHNOLOGY, LOW i. 

COST MATERIALS AND APPLICATIONS 
____________________________________________________________________________ 
Introduction i.to i.Membrane i.Technology i. 

In i.this i.chapter i.the i.basic i.principles i.that i.govern i.membrane i.and i.in i.principals i.are i.reported. i.First, 

i.the i.discussion i.will i.focus i.on i.the i.membrane, i.its i.characteristic, i.morphological i.structure, i.etc. i.Then, 

i.membranes i.fabrication i.and i.general i.aspects i.of i.membrane i.application i.will i.be i.discussed. i. 

 i. 

2.1 i. Membrane i.and i.its i.function 

 

A i.precise i.and i.complete i.definition i.of i.a i.membrane i.that i.covers i.all i.its i.aspects i.is i.rather i.difficult, 

i.even i.when i.the i.discussion i.is i.limited i.to i.synthetic i.structures i.as i.in i.this i.outline. i.Various i.definitions 

i.have i.been i.reported i.in i.the i.literature, i.most i.of i.them i.focusing i.on i.the i.selective i.properties i.of i.the 

i.membrane. i.For i.example, i.Lonsdale i.defined i.a i.synthetic i.membrane i.as i.an i.interphase i.that i.separates 

i.two i.phases i.and i.restricts i.the i.transport i.of i.various i.components i.in i.a i.specific i.manner i.[Lonsdale 

i.1982]. i.In i.new i.membrane i.processes, i.such i.as i.membrane i.contactors, i.the i.membrane i.is i.a i.non-

selective i.barrier i.that i.separates i.and i.contacts i.the i.two i.adjacent i.phases. i.Therefore, i.in i.the i.most 

i.general i.sense i.we i.can i.define i.a i.membrane i.as i.a i.selective i.or i.non-selective i.barrier i.that i.separates 

i.and/or i.contacts i.two i.adjacent i.phases i.and i.allows i.or i.promotes i.the i.exchange i.of i.matter, i.energy, i.and 

i.information i.between i.the i.phases i.in i.a i.specific i.or i.non-specific i.manner. i.Separation i.of i.a i.mixture i.in 

i.a i.membrane i.process i.is i.the i.result i.of i.different i.transport i.rates i.of i.different i.components i.through i.the 

i.membrane. i.The i.transport i.rate i.of i.a i.component i.through i.a i.membrane i.is i.determined i.by i.driving 

i.forces i.such i.as i.concentration, i.pressure, i.temperature, i.and i.electrical i.potential i.gradients, i.and i.the 

i.concentration i.and i.mobility i.of i.the i.component i.in i.the i.membrane i.matrix. 

A i.membrane i.can i.be i.homogeneous i.or i.heterogeneous, i.symmetric i.or i.asymmetric i.in 

i.structure. i.It i.may i.be i.solid i.or i.liquid i.and i.may i.consist i.of i.organic i.or i.inorganic i.materials. i.It i.may 

i.be i.neutral i.or i.it i.may i.carry i.positive i.or i.negative i.charges, i.or i.functional i.groups i.with i.specific 

i.binding i.or i.complexing i.abilities. i.Its i.thickness i.can i.be i.less i.than i.100 i.nm i.to i.more i.than i.a 

i.millimeter. i.The i.electrical i.resistance i.may i.vary i.from i.more i.than i.1,000,000 i.ohm i.cm2
 i.to i.less i.than 

i.one i.ohm i.cm2. i.The i.term i."membrane", i.therefore, i.includes i.a i.great i.variety i.of i.materials i.and 

i.structures, i.and i.a i.membrane i.can i.often i.be i.better i.described i.by i.its i.function i.rather i.than i.by i.its 
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i.structure. i.Some i.materials, i.such i.as i.protective i.coatings, i.or i.packaging i.materials, i.show i.typical 

i.membrane i.properties, i.and i.are i.in i.fact i.membranes. i.Most i.materials i.functioning i.as i.membranes i.have 

i.one i.characteristic i.property i.in i.common: i.they i.restrict i.the i.passage i.of i.different i.components i.in i.a 

i.very i.specific i.manner. i.In i.some i.cases, i.a i.hydrophobic i.polymeric i.membrane i.may i.allow i.the i.passage 

i.of i.water i.as i.vapour i.phase i.but i.not i.as i.liquid i.phase, i.as i.for i.example i.in i.membrane i.distillation. i.In 

i.other i.cases, i.e.g. i.membrane i.contactors, i.the i.porous i.structure i.of i.the i.membrane i.material i.functions 

i.as i.a i.barrier i.that i.keeps i.in i.contact i.two i.adjacent i.phases i.between i.which i.a i.mass i.transfer i.occurs, 

i.and i.separates i.them i.at i.the i.same i.time. i.In i.both i.cases i.the i.membrane i.has i.no i.direct i.effect i.on i.the 

i.transport i.of i.various i.components i.and i.is i.non-selective. i.The i.concept i.of i.a i.selective i.and i.non-

selective i.membrane i.is i.illustrated i.in i.Figure i.2.1 i.which i.shows i.in i.a) i.a i.membrane i.which i.is i.highly 

i.selective i.and i.capable i.of i.separating, i.e.g. i.two i.enantiomers i.and i.b) i.a i.membrane i.that i.acts i.as i.a 

i.barrier i.between i.two i.phases i.and i.avoids i.the i.mixing i.of i.the i.phases i.but i.has i.no i.effect i.on i.the 

i.transport i.of i.different i.components i.from i.one i.phase i.to i.the i.other. i. 

 
Fig. i.2.1. i.a) i.Membrane i.which i.is i.selective i.for i.the i.transport i.of i.different i.components i.such i.as i.two 

i.enantiomers i.and i. i.b) i.Membrane i.which i.separates i.a i.liquid i.and i.a i.vapour i.phase i.and i.allows i.passage i.of 

i.vapour i.molecules i.but i.is i.not i.selective i.for i.the i.transport i.of i.different i.components. i. 

 

2.2 i. Different i.membrane i.processes 

 

Membrane i.processes i.can i.be i.grouped i.according i.to i.the i.applied i.driving i.forces i.into: i. 

(1) i.hydrostatic i. i.pressure i.driven i.processes i.such i.as i.reverse i.osmosis, i.nano-, i. i.ultra- i.and i.microfiltration i.or 

i.gas i.separation, i.pervaporation; i. 

(2) i.concentration i.gradient i.or i.chemical i.potential i.driven i.processes i.such i.as i.dialysis, i.Donnan i.dialysis, 

i.pervaporation, i.and i.membrane i.contactors, i.such i.as i.membrane i.based i.solvent i.extraction, i.membrane i.scrubbers 

i.and i.strippers, i.osmotic i.distillation; i.(3) i.electrical i.potential i.driven i.processes i.such i.as i.electrodialysis; i.and 

 i.(4) i.temperature i.difference i.driven i.membrane i.processes i.such i.as i.membrane i.distillation. i. 

driving force

C, p, T

membrane with 
specific selectivity 

R1
R2

R3

R1
R2

R3

R1
R2

R3

driving force

C, p, T

vapour
phase

liquid 
phase

membrane with no specific 
component selectivity 

a) b)
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The i.molecular i.mixture i.which i.will i.be i.separated i.is i.referred i.to i.as i.feed, i.the i.mixture i.containing i.the 

i.components i.retained i.by i.the i.membrane i.is i.called i.the i.retentate i.and i.the i.mixture i.composed i.of i.the 

i.components i.that i.have i.permeated i.the i.membrane i.is i.referred i.to i.as i.permeate i.(or i.filtrate i.in i.micro- i.and 

i.ultrafiltration). i.Table i.2.1. i.lists i.the i.basic i.properties i.of i.membrane i.operations. 

Table i.2.1. i.Basic i.concepts i.of i.different i.membrane i.operations 

Process Concept 
Driving i.Force 

Mode i.of 

i.transport 

Species 

i.Passed 

Species 

i.Retained 

Microfiltratio

n 

(MF) 

Feed Retentate

Solvent

Microporous membranes  

pressure 

i.difference 

 

100 i.- i.500 

i.kPa 

size 

i.exclusion 

i.convection 

solvent 

i.(water) i.and 

i.dissolved 

i.solutes 

suspended 

solids, i.fine 

particulars, 

some 

i.colloids 

Ultrafitlration 

(UF) 

Feed Retentate

Solvent

UF membranes  

pressure 

i.difference 

 

100 i.- i.800 

i.kPa 

size 

i.exclusion 

i.convection 

solvent 

i.(water) 

and i.Low 

i.molecular 

weight 

i.solutes 

(<1000 i.Da) 

macrosolut

es 

and 

i.colloid

s 

Nanofiltration 

(NF) 

Feed Retentate

Solvent

NF membranes  

pressure 

difference 

 

0.3 i.- i.3 i.MPa 

size 

i.exclusion 

solution 

i.diffusion i. 

Donnan 

i.exclusion 

solvent 

i.(water), 

low 

i.molecular, 

weight 

i.solutes, 

monovalent 

i.ions 

molecular 

weight 

i.compound

s 

> i.200 i.Da 

multivalent 

i.ions 

Reverse 

i.Osmosis 

(RO) 

 

pressure i. 

difference 

 

1 i.- i.10 i.MPa 

solution 

i.diffution 

mechanism 

solvent 

i.(water) 
dissolved 

i.and 

i.suspende

d i.solids 

Gas i. 

Separation 

(GS) 

Feed
Retentate

Sweep

Dense/Porous membrane

Permeate

 

pressure i. 

Difference 

 

0.1 i.– i.10 

i.MPa 

solution 

i.diffusion 

mechanism 

gas 

i.molecules 

i.having i.Low 

i.molecular 

i.weight i.or 

i.high 

i.solubility-

diffusivity i. 

gas 

i.molecules 

i.having 

i.high 

i.molecular 

i.weight i.or 

i.low 

i.solubility-

diffusivity 

 

Pervaporation 

(PV) 

 

chemical 

i.potential i.or 

i.concentration 

i.difference 

solution 

i.diffusion 

i.mechanism 

high 

i.permeable 

i.solute i.or 

i.solvents 

less 

i.permeable 

i.solute i.or 

i.solvents 

 

Electrodialysi

s i. 

(ED) 

 

electrical 

i.potential 

i.difference 

1 i.– i.2 i.V i./ 

i.cell i.pair 

Donnan 

i.exclusion 

solutes i.(ions) 

i. 
Small 

i.quantity i.of 

i.solvent 

non-ionic 

i.and 

i.macromole

cular 

i.species 

Feed Retentate

Solvent

NF membranesRO  membranes

Feed Retentate

Solvent

NF membranesDense membrane

Liquid

Vapour
Permeate

Process Concept

Electrodyalisis

(ED)

Electric potential

difference

1-2 V/cell pair

Solutes (ions)

Small quantity

of solvent

Non-ionic

and

macromolecular

species

Dyalisis

(D)

Concentration

difference

Solute (ions and

low molecular

weight organics)

Small quantity

of solvent

Dissolved

and

suspended

solids with

molecular weight

larger than 1000

Gas

permeation

(GS)

Pressure

difference

0.1-10 MPA

High permeable

gases

and

vapours

Less permeable

gases

and vapours

Pervaporation

(PV)

Chemical

potential

or

Concentration

difference

High permeable

solute or

solvents

Less permeable

solute

or

solvents

Concentrate Product

Feed

+

-

+ ++

+

-
--

Ion exchange membrane

Feed

Purified

stream

Dialysate
feed

Dialysis 

membranes

Impurities

Feed

Permeate

Dense/Porous

membrane

Feed
Retentate

Permeate

Dense membrane

Liquid

Vapour

-

Driving Force Permeate RetentateProcess Concept

Electrodyalisis

(ED)

Electric potential

difference

1-2 V/cell pair

Solutes (ions)

Small quantity

of solvent

Non-ionic

and

macromolecular

species

Dyalisis

(D)

Concentration

difference

Solute (ions and

low molecular

weight organics)

Small quantity

of solvent

Dissolved

and

suspended

solids with

molecular weight

larger than 1000

Gas

permeation

(GS)

Pressure

difference

0.1-10 MPA

High permeable

gases

and

vapours

Less permeable

gases

and vapours

Pervaporation

(PV)

Chemical

potential

or

Concentration

difference

High permeable

solute or

solvents

Less permeable

solute

or

solvents

Concentrate Product

Feed

+

-

+ ++

+

-
--

Ion exchange membrane

Feed

Purified

stream

Dialysate
feed

Dialysis 

membranes

Impurities

Feed

Permeate

Dense/Porous

membrane

Feed
Retentate

Permeate

Dense membrane

Liquid

Vapour

-

Driving Force Permeate Retentate
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Dialysis 

(D) i. 

 

concentration 

i.difference 

diffusion solute i.(ions 

i.and i.low 

i.MW 

i.organics) 

Small 

i.solvent 

i.quantity 

dissolved 

i.and 

i.suspended 

i.solids 

i.with i.MW 

i.> i.1000 

i.Da 

 

Membrane 

i.contactors 

(MC) 

 

chemical 

i.potential, i. 

concentration 

i.difference; i. 

temperature 

i.difference 

diffusion compounds 

i.soluble i.in 

i.the 

i.extraction 

i.solvent; 

volatiles 

compounds 

i.non 

i.soluble i.in 

i.the 

i.extraction 

i.solvent; i. 

Non 

i.volatiles 

Membrane 

i.based 

i.solvent 

i.extraction 

(MBSX)  

chemical 

i.potential i.or 

i.Concentration 

difference 

diffusion 

partition 

compounds 

i.soluble i.in 

i.the 

i.extraction 

i.solvent 

compounds 

i.non 

i.soluble i.in 

i.the 

i.extraction 

i.solvent 

 

Membrane 

i.Distillation 

(MD)  

temperature 

difference 

 

 

diffusion volatiles non 

i.volatiles 

 

Supported 

i.liquid 

i.membranes 

(SLM)  

concentration 

i.difference 
diffusion ions, 

low i.MW 

i.organics 

ions, i.less 

i.permeable 

i.organics 

Membrane 

i.reactors 

(MR) 

 

various various permeable 

i.product 

non 

i.permeable 

i.reagents 

 

 

2.3 The i.membrane i.transport i.mechanisms 
 

The i.mechanism i.by i.which i.certain i.components i.are i.transported i.through i.a i.membrane i.can 

i.also i.be i.very i.different. i.In i.some i.membranes, i.for i.example, i.the i.transport i.is i.based i.on i.viscous i.flow 

i.of i.a i.mixture i.through i.individual i.pores i.in i.the i.membrane i.caused i.by i.a i.hydrostatic i.pressure 

i.difference i.between i.the i.two i.phases i.separated i.by i.the i.membrane. i.This i.type i.of i.transport i.is i.referred 

i.to i.as i.viscous i.flow. i.The i.components i.that i.permeate i.through i.the i.membrane i.are i.transported i.by 

i.convective i.flow i.through i.micropores i.under i.a i.gradient i.pressure i.as i.driving i.force i.and i.the i.separation 

i.occurs i.because i.of i.size i.exclusion i.as i.indicated i.in i.Figure i.2.2 i.a). i.Darcy’s i.Law i.describes i.this i.type 

i.of i.transport. i.It i.is i.the i.dominant i.form i.of i.mass i.transport i.in i.micro- i.and i.ultrafiltration i.but i.also 

i.occurs i.in i.other i.membrane i.processes. i. 

Feed Retentate

Solvent

NF membranesDialysis membrane

Dialysate feedImpurities

Purified stream

Feed
Retentate

Sweep

Dense/Porous membrane

Permeate

Porous membrane

Feed
Retentate

Sweep

Dense/Porous membrane

Permeate

Porous membrane

Feed Retentate

Solvent

NF membranesPorous membrane

Cool streamCool Distillate

Warm concentrateWarm feed
Liquid

Liquid

vapour

Feed Retentate

Solvent

NF membranesReactive membrane

Product Product

Reagents
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If i.the i.transport i.through i.a i.membrane i.is i.based i.on i.the i.solution i.and i.diffusion i.of i.individual 

i.molecules i.in i.the i.non-porous i.membrane i.matrix i.due i.to i.a i.concentration i.or i.chemical i.potential 

i.gradient i.the i.transport i.is i.referred i.to i.as i.diffusion. i.The i.separation i.occurs i.because i.of i.different 

i.solubility i.and i.diffusivity i.of i.components i.into i.the i.membrane i.material i.as i.indicated i.in i.Figure i.2.2 

i.b). i.The i.Fick’s i.Law i.describes i.this i.type i.of i.transport. i.The i.diffusion i.of i.molecules i.through 

i.homogeneous i.dense i.membranes i.occurs i.through i.the i.free i.volume i.elements, i.or i.empty i.spaces 

i.between i.polymer i.chains i.caused i.by i.thermal i.motion i.of i.the i.polymer i.molecules, i.which i.fluctuate i.in 

i.position i.and i.volume i.on i.the i.same i.time i.scale i.as i.the i.molecule i.permeates. i.The i.transition i.between 

i.fluctuating i.free i.volumes i.and i.individual i.permanent i.pores i.is i.controversial. i.In i.general, i.it i.is 

i.considered i.in i.the i.range i.of i.5-10 i.Å i.in i.diameter. i. 

This i.form i.of i.mass i.transport i.is i.dominant i.in i.reverse i.osmosis, i.gas i.separation, i.pervaporation i.or 

i.dialysis i.but i.it i.may i.occur i.in i.other i.processes i.too. i.If i.an i.electrical i.potential i.gradient i.across i.the 

i.membrane i.is i.applied i.to i.achieve i.the i.desired i.transport i.of i.certain i.components i.through i.the 

i.membrane i.the i.transport i.is i.referred i.to i.as i.migration. i.Migration i.occurs i.in i.electrodialysis i.and 

i.related i.processes i.and i.is i.limited i.to i.the i.transport i.of i.components i.carrying i.electrical i.charges i.such i.as 

i.ions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. i.2.2. i. a) i.The i.sieving i.mechanism i.of i.a i.porous i.membrane i.and 

b) i.The i.solution i.diffusion i.mechanism i.in i.a i.non-porous i.membrane. 

 

2.4 Materials i.and i.structures i.of i.synthetic i.membranes 

 

 Synthetic i.membranes i.show i.a i.large i.variety i.in i.their i.physical i.structure i.and i.the i.materials 

i.they i.are i.made i.from. i.Based i.on i.their i.structure i.they i.can i.be i.classified i.in i.four i.groups: 

• porous i.membranes, i. 

• homogeneous i.solid i.membranes, i. 

• solid i.membranes i.carrying i.electrical i.charges, i. 

• liquid i.or i.solid i.films i.containing i.selective i.carriers. i. 

 

a) i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. 
i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i. i.b) 
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Furthermore, i.the i.structure i.of i.membranes i.may i.be i.symmetric, i.i.e. i.the i.structure i.is i.identical i.over 

i.the i.entire i.cross-section i.of i.the i.membrane i.or i.it i.may i.be i.asymmetric, i.i.e. i.the i.structure i.varies i.over 

i.the i.cross-section i.of i.the i.membrane. i. 

The i.materials i.used i.for i.the i.preparation i.of i.membranes i.can i.be i.polymers, i.ceramics, i.glass, i.metals i.or 

i.liquids. i.The i.materials i.may i.be i.neutral i.or i.carry i.electrical i.charges, i.i.e. i.fixed i.ions. i.The i.membrane 

i.conformation i.can i.be i.flat, i.tubular i.or i.a i.hollow i.fiber. i. i.The i.schematic i.drawing i.of i.Figure i.2.3 

i.illustrates i.the i.morphology, i.materials i.and i.configuration i.of i.some i.technically i.relevant i.synthetic 

i.membranes. 

 

 
 

 i. i. i. i.Fig. i.2.3 i. Schematic i.drawing i.illustrating i.the i.various i.materials, i.structures i.and i.configuration i.of i. 

i.technically i.relevant i.synthetic i.membranes. 

 

2.5 i.  Symmetric i.and i.asymmetric i.membranes 

 
As i.indicated i.earlier i.synthetic i.membranes i.may i.have i.a i.symmetric i.or i.an i.asymmetric 

i.structure. i.In i.a i.symmetric i.membrane i.(in i.Fig i.2.4) i. i.the i.structure i.and i.the i.transport i.properties i.are 

i.identical i.over i.the i.entire i.cross-section i.and i.the i.thickness i.of i.the i.entire i.membrane i.determines i.the 

i.flux. i.Symmetric i.membranes i.are i.used i.today i.mainly i.in i.dialysis i.and i.electrodialysis. i.In i.asymmetric 

i.membranes i.structural i.as i.well i.as i.transport i.properties i.vary i.over i.the i.membrane i.cross-section. i.An 

i.asymmetric i.membrane i.consists i.of i.a i.0.1 i.to i.1 i.µm i.thick i."skin" i.layer i.on i.a i.highly i.porous i.100 i.to 

i.200 i.µm i.thick i.substructure. i.The i.skin i.represents i.the i.actual i.selective i.barrier i.of i.the i.asymmetric 

i.membrane. i.Its i.separation i.characteristics i.are i.determined i.by i.the i.nature i.of i.the i.material i.or i.the i.size 

i.of i.pores i.in i.the i.skin-layer. i.The i.mass i.flux i.is i.determined i.mainly i.by i.the i."skin" i.thickness. i.The 

Membrane i.Materials 

Membrane i.Structures 

polymers i.  i. i. i. i. i. i. i. i.ceramics i. glass i.  i. i. i. metals i.  i. i. i. liquids 

homogeneous i. 
films 

cylindrical i. 
pores 

porous i.skin i. 
layer 

homogeneous i. 
skin i.layer 

sponge-type i. 
structures 

Symmetric i.  i.  i.  i.  i.  i.  i. Asymmetric 

integral i.asymmetric composite i.structures 

homogeneous i. 
skin i.layer 

 i. 

Membrane i.Configuration 

         flat-sheet i. i. i. i. i. i. i. i. i. i. i.spiral i.wound i. i. i. i. i. i. i. i. i. i. i. i..tubular i. i. i. i. i. i. i. i. i. capillary i.  

 i. i. i.Hollow i.fiber 
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i.porous i.sub-layer i.serves i.only i.as i.a i.support i.for i.the i.mostly i.thin i.and i.fragile i.skin i.and i.has i.little 

i.effect i.on i.the i.separation i.characteristics i.or i.the i.mass i.transfer i.rate i.of i.the i.membrane. i.Asymmetric 

i.membranes i.are i.used i.primarily i.in i.pressure i.driven i.membrane i.processes i.such i.as i.reverse i.osmosis, 

i.ultrafiltration, i.or i.gas i.and i.vapor i.separation, i.since i.here i.the i.unique i.properties i.of i.asymmetric 

i.membranes, i.i.e. i.high i.fluxes i.and i.good i.mechanical i.stability i.can i.best i.be i.utilized. i.Two i.techniques 

i.are i.used i.to i.prepare i.asymmetric i.membranes: i.one i.utilizes i.the i.phase i.inversion i.process i.which i.leads 

i.to i.an i.integral i.structure i.with i.the i.skin i.and i.the i.support i.structure i.made i.from i.the i.same i.material i.in 

i.a i.single i.process, i.and i.the i.other i.resembles i.a i.composite i.structure i.where i.a i.thin i.barrier i.layer i.is 

i.deposited i.on i.a i.porous i.substructure i.in i.a i.two i.step i.process. i.In i.this i.case i.barrier i.and i.support 

i.structures i.are i.generally i.made i.from i.different i.materials. i. 

 

 

Fig i.2.4 i.: i. i.Schematic i.diagrams i.of i.the i.principal i.types i.of i.membranes 

 

2.6 Porous i.membranes 

A i.porous i.structure i.represents i.a i.very i.simple i.form i.of i.a i.membrane, i.which i.closely i.resembles i.the 

i.conventional i.fiber i.filter i.as i.far i.as i.the i.mode i.of i.separation i.is i.concerned. i.These i.membranes i.consist 
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i.of i.a i.solid i.matrix i.with i.defined i.holes i.or i.pores i.which i.have i.diameters i.ranging i.from i.less i.than i.1 

i.nm i.to i.more i.than i.10 i.µm. i.The i.macromolecular i.size i.of i.the i.species i.to i.be i.separated i.plays i.an 

i.important i.role i.in i.determining i.the i.pore i.size i.of i.the i.membrane i.to i.be i.utilized i.and i.the i.related 

i.membrane i.process. i.Porous i.membranes i.with i.average i.pore i.diameters i.larger i.than i.50 i.nm i.are 

i.classified i.as i.macroporous, i.and i.those i.with i.average i.pore i.diameters i.in i.the i.intermediate i.range 

i.between i.2 i.and i.50 i.nm i.are i.classified i.as i.mesoporous. i.Membranes i.with i.average i.pore i.diameters 

i.between i.0.1 i.and i.2 i.nm i.are i.classified i.as i.microporous. i.Dense i.membranes i.have i.no i.individual 

i.permanent i.pores, i.but i.the i.separation i.occurs i.through i.fluctuating i.free i.volumes. i.The i.schematic 

i.representation i.of i.such i.classification i.is i.illustrated i.in i.Figure i.2.5. 

 

 
 

a 

 

. 
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b 

 

Fig. i.2.5 i.. i.Schematic i.classification i.of i.membranes, i.related i.processes i.and i.separated i.components 

 

In i.pressure i.driven i.membrane i.processes i.the i.separation i.of i.the i.various i.components i.is i.achieved i.by 

i.a i.sieving i.mechanism i.with i.the i.pore i.diameters i.and i.the i.particle i.sizes i.being i.the i.determining 

i.parameters. i.In i.thermally i.driven i.membrane i.processes i.the i.separation i.is i.based i.on i.the i.principle i.of 

i.phase i.equilibrium i.and i.the i.non-wet i.ability i.of i.membrane i.pores i.is i.the i.determining i.parameter. 

i.Porous i.membranes i.can i.be i.made i.from i.various i.materials i.such i.as i.ceramics, i.graphite, i.metal i.or 

i.metal i.oxides, i.and i.various i.polymers. i.Their i.structure i.may i.be i.symmetric, i.i.e. i.the i.pore i.diameters 

i.do i.not i.vary i.over i.the i.membrane i.cross-section, i.or i.they i.can i.be i.asymmetric, i.i.e. i.the i.pore i.diameters 

i.increase i.from i.one i.side i.of i.the i.membrane i.to i.the i.other i.typically i.by i.a i.factor i.of i.10 i.to i.1000. i.The 

i.techniques i.for i.the i.preparation i.of i.porous i.membranes i.can i.be i.rather i.different i.and i.include i.simple 

i.pressing i.and i.sintering i.of i.polymer i.or i.ceramic i.powders, i.irradiation i.and i.leaching i.of i.templates i.as 

i.well i.as i.phase i.inversion i.and i.polymer i.precipitation i.procedures i.or i.sol-gel i.conversion i.techniques. 

i.Porous i.membranes i.are i.used i.to i.separate i.components i.that i.differ i.markedly i.in i.size i.or i.molecular 

i.weight i.in i.processes i.such i.as i.micro- i.and i.ultrafiltration i.or i.dialysis i.[Cheryan, i.1998]. 
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2.7 Homogeneous i.dense i.membranes 

A i.homogeneous i.membrane i.is i.merely i.a i.dense i.film i.through i.which i.a i.mixture i.of i.molecules i.is 

i.transported i.by i.a i.pressure, i.a i.concentration, i.or i.an i.electrical i.potential i.gradient. i.The i.separation i.of 

i.the i.various i.components i.of i.a i.mixture i.is i.directly i.related i.to i.their i.transport i.rates i.within i.the 

i.membrane i.phase, i.which i.is i.determined i.by i.their i.diffusivities i.and i.concentrations i.in i.the i.membrane 

i.matrix. i.Therefore, i.homogeneous i.membranes i.are i.referred i.to i.as i.solution-diffusion i.type i.membranes 

i.[Merten, i.1966]. i.They i.can i.be i.prepared i.from i.polymers, i.metals, i.metal i.alloys i.or, i.in i.some i.cases, 

i.ceramics i.which i.may i.also i.carry i.positive i.or i.negative i.electrical i.charges. i.Since i.the i.mass i.transport 

i.in i.homogeneous i.membranes i.is i.based i.on i.diffusion i.their i.permeabilities i.are i.rather i.low. 

i.Homogeneous i.membranes i.are i.used i.mainly i.to i.separate i.components i.which i.are i.similar i.in i.size i.but 

i.have i.different i.chemical i.nature i.in i.processes i.such i.as i.reverse i.osmosis, i.gas i.and i.vapor i.separation, 

i.and i.pervaporation i.[Raymond i.et i.al., i.1992]. i.In i.these i.processes i.asymmetric i.membrane i.structures 

i.are i.used i.which i.consist i.of i.a i.thin i.homogeneous i.skin i.supported i.by i.a i.porous i.substructure. i.Some 

i.of i.the i.well i.known i.polymer i.used i.to i.prepare i.different i.membranes i.has i.been i.tabled i.in i.table i.2.2. 

Table i.2.2 i.: i.Polymeric i.membrane i.materials i.(Judd, i.2006; i.Mulder, i.1996) 

 
 

 

 

2.8 Membrane i.Types i.and i.Configurations 

 

Membranes i.usually i.are i.classified i.as i.isotropic i.or i.anisotropic. i.Isotropic i.membranes i.show i.a 

i.uniform i.composition i.and i.physical i.structure i.in i.cross-section, i.while i.anisotropic i.membranes i.are 

i.not i.uniform i.in i.cross-section. i.They i.generally i.are i.formed i.from i.differently i.structured i.layers 

i.and i.different i.materials. 

 

Types i.of i.membranes i.in i.general i.use i.include i.tubular, i.hollow-fiber, i.and i.flat-sheet. i.These i.types 

i.are i.applied i.in i.different i.configurations, i.such i.as i.within i.a i.frame, i.like i.the i.flat-sheet i.membranes 

i.used i.in i.Fluence’s i.Smart i.Packaged i.NIROBOX™ i.solution, i.or i.spirally i.wound, i.such i.as i.those 
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i.used i.in i.membrane i.aerated i.biofilm i.reactor i.(MABR) i.technologies i.like i.Fluence’s i.Aspiral™ 

i.Smart i.Packaged i.wastewater i.treatment i.plants. 

 

The i.ideal i.properties i.of i.water i.treatment i.membrane i.configurations i.are: 

 

 i. i. i. i.Compactness 

 i. i. i. i.Low i.tangential i.flow i.resistance 

 i. i. i. i.Uniform i.velocity i.distribution i.without i.dead i.regions 

 i. i. i. i.High i.retentate-side i.turbulence i.to i.minimize i.fouling i.and i.help i.mass i.transfer 

 i. i. i. i.Easy i.maintenance i.and i.cleaning 

 i. i. i. i.Low i.unit i.cost 

 

Reverse i.osmosis i.(RO), i.in i.contrast, i.relies i.on i.pressure i.to i.force i.water i.through i.a i.membrane, 

i.thus i.separating i.water i.from i.impurities. i.A i.2018 i.survey i.of i.industry i.professionals i.on i.the 

i.effectiveness i.of i.water i.reuse i.technologies i.placed i.RO i.among i.the i.top-ranked. i.While i.RO i.is 

i.frequently i.used i.for i.desalination, i.it i.also i.is i.used i.for i.wastewater i.treatment i.and i.water i.reuse, 

i.as i.well i.as i.for i.removal i.of i.trace i.phosphates, i.calcium, i.heavy i.metals, i.and i.other i.substances. 

Microfiltration i.and i.Ultrafiltration 

In i.membrane i.technologies i.based i.on i.blocking i.particles i.— i.including i.microfiltration i.and 

i.ultrafiltration i.— i.pore i.size i.is i.important i.because i.it i.determines i.the i.size i.of i.the i.particles i.and 

i.microorganisms i.that i.can i.pass i.through i.the i.barrier. i.The i.small-pored i.membranes i.used i.in 

i.ultrafiltration i.block i.proteins, i.fatty i.acids, i.macromolecules, i.bacteria, i.protozoa, i.viruses, i.and 

i.suspended i.solids. 

2.9 Membrane i.Process i.Challenges 

The i.effectiveness i.of i.membrane i.treatment i.often i.depends i.on i.the i.condition i.of i.the 

i.membrane. i.For i.example, i.for i.reverse i.osmosis i.technologies i.to i.operate i.efficiently i.the 

i.membrane i.must i.be i.impeccably i.maintained i.or i.it i.can i.be i.fouled i.with i.scale i.or i.biofilms, i.a 

i.perennial i.problem. i.Fouling i.can i.reduce i.effectiveness i.and i.increase i.energy i.consumption. i.Much 

i.research i.is i.devoted i.to i.engineering i.membranes i.to i.resist i.fouling i.through i.specialized i.coatings 

i.or i.other i.treatments, i.such i.as i.changing i.the i.charge i.of i.the i.membrane i.material. 

In i.the i.mid-2010s, i.researchers i.in i.Israel i.developed i.an i.important i.chemical-free i.process i.to 

i.prevent i.membrane i.fouling i.in i.RO i.desalination. i.The i.process i.prevents i.membrane i.fouling, 
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i.lowers i.chemical i.costs, i.and i.makes i.desalination i.eco-friendlier. i.Pre-treatment i.with i.a i.two-stage, 

i.granular i.rapid i.bio i.flocculation i.filter i.(RBF), i.a i.first-stage i.bioflocculator i.(BF), i.and i.a i.mixed-

media i.bed i.filter i.(MBF), i.prevents i.fouling i.agents i.from i.reaching i.the i.membrane. i.This i.and i.other 

i.improvements i.to i.seawater i.reverse i.osmosis i.(SWRO) i.have i.made i.the i.process i.much i.more i.cost-

efficient, i.which i.in i.turn i.has i.led i.to i.explosive i.global i.growth i.in i.SWRO i.and i.water i.treatment. 

i.But i.the i.cost i.of i.membrane i.is i.always i.a i.problem i.and i.has i.to i.be i.addressed i.globally. 

2.10 Low-Cost i.Ceramic i.Membranes 

Over i.the i.past i.few i.years, i.the i.use i.of i.low-cost i.raw i.materials i.as i.ceramic i.membrane 

i.precursors i.has i.been i.attracting i.increasing i.attention. i.Studies i.have i.shown i.that i.worldwide, i.more 

i.than i.2.5 i.billion i.people i.have i.limited i.access i.to i.clean i.water, i.predominantly i.in i.regions i.of 

i.lower i.economic i.development. i.Low-cost i.ceramic i.membranes i.have i.the i.potential i.to i.provide i.a 

i.high i.volume i.filtration i.capacity i.that i.would i.facilitate i.the i.provision i.of i.clean i.and i.reliable i.water 

i.in i.poorer i.regions i.of i.the i.world. i.To i.address i.large-scale i.water i.treatment i.challenges, i.there i.is 

i.a i.growing i.interest i.in i.the i.fabrication i.and i.application i.of i.low-cost i.ceramic i.membranes i.based 

i.on i.naturally i.occurring i.raw i.materials i.and i.waste i.products. i. 

2.11 Materials 

A i.variety i.of i.low-cost i.alternatives i.to i.conventional i.materials i.like i.alumina i.or i.zirconia 

i.have i.been i.examined i.for i.use i.in i.water i.filtration. i.Those i.low-cost i.materials i.are i.either i.natural 

i.minerals i.(clays, i.zeolite, i.quartz, i.apatite) i.or i.waste i.from i.industrial i.production i.(ash). i.Based i.on 

i.the i.literature i.surveyed i.in i.this i.work, i.a i.breakdown i.of i.materials i.studied i.for i.the i.fabrication i.of 

i.low-cost i.membranes i.is i.shown i.in i.Figure i.2.6. 

This i.figure i.demonstrates i.that i.clays i.are i.the i.most i.widely i.studied i.raw i.material i.for i.such 

i.applications, i.with i.fly-ash i.further i.playing i.a i.prominent i.role i.in i.this i.field. i.Materials i.used i.as i.low-

cost i.precursors i.in i.the i.fabrication i.of i.inorganic i.filtration i.membranes i.are i.predominantly i.based i.on 

i.unprocessed i.sources i.of i.alumina i.and i.silica. i.Obtaining i.high i.levels i.of i.performance i.while i.avoiding 

i.high i.processing i.costs i.remains i.a i.significant i.challenge i.in i.this i.field. i.Here i.we i.present i.a i.survey i.of 

i.the i.types i.of i.raw i.materials i.and i.processes i.that i.can i.be i.used i.in i.the i.design i.of i.water i.filtration 

i.systems i.and i.address i.the i.challenges i.that i.remain i.in i.implementing i.such i.materials i.in i.cost-effective 

i.ways. 
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Fig i.2.6. i.Representation i.of i.different i.raw i.materials i.in i.studies i.of i.low-cost i.inorganic 

i.filtration i.membranes i.(Abdullayev, i.A i.2019) 

2.12  i.Natural i.Minerals 

With i.an i.emphasis i.on i.their i.implementation i.in i.water i.treatment i.membranes, i.here i.we i.review i.the 

i.use i.of i.widely i.available i.low-cost i.natural i.minerals i.composed i.of i.silica, i.alumina, 

i.silicates/aluminosilicates, i.and i.phosphates. i.These i.materials—such i.as i.clays, i.natural i.zeolites, 

i.apatites, i.quartz i.sand, i.and i.natural i.pozzolan—are i.obtained i.from i.natural i.sources i.and i.are 

i.implemented i.in i.membrane i.fabrication i.with i.no i.further i.processing i.steps i.besides i.crushing i.and 

i.grinding. 

Kaolin 

There i.are i.numerous i.clay i.types i.on i.Earth i.distinguished i.by i.different i.chemical, i.mechanical, 

i.and i.physical i.characteristics. i.Predominant i.clay i.minerals i.include i.kaolinite, i.montmorillonite, i.and 

i.illite. i.Naturally i.occurring i.clays i.have i.non-identical i.compositions i.that i.depend i.on i.localized 

i.formation i.conditions. i.Clays i.are i.widely i.available i.across i.the i.globe i.and i.require i.only i.minimal 

i.processing i.for i.membrane i.preparation. i.Hence, i.there i.have i.been i.significant i.efforts i.made i.towards 

i.the i.preparation i.of i.low-cost i.ceramic i.membranes i.using i.different i.types i.of i.clays. i.Kaolin, i.the i.most 

i.widely i.found i.clay i.type, i.of i.which i.kaolinite i.is i.the i.main i.mineral i.form, i.is i.particularly i.suitable i.for 

i.membrane i.fabrication, i.owing i.to i.the i.pore i.structures i.and i.mechanical i.properties i.that i.can i.be 
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i.achieved i.following i.thermal i.processing. i.Consequently, i.kaolin i.plays i.a i.central i.role i.in i.emerging 

i.low-cost i.membrane i.technology i.and i.merits i.a i.separate i.discussion. i.Kaolin i.(Al2Si2O5(OH)4) i.is i.a 

i.type i.of i.widely i.occurring i.clay i.that i.has i.been i.studied i.as i.the i.basis i.of i.components i.in i.inorganic 

i.membranes, i.including i.support i.layers, i.microfiltration i.(MF) i.layers, i.and i.ultrafiltration i.(UF) i.layers. 

i.Hubadillah i.et i.al. i.discussed i.kaolin i.membranes i.in i.detail i.in i.their i.recently i.published i.review i.paper, 

i.focused i.on i.the i.fabrication i.and i.application i.of i.kaolin-based i.low-cost i.membranes. i.In i.particular, i.the 

i.lower i.thermal i.processing i.temperatures i.of i.kaolin, i.when i.compared i.with i.most i.conventional i.oxide 

i.ceramics i.and i.the i.morphology i.of i.decomposition i.products, i.namely i.spinel i.and i.mullite, i.are i.of i.key 

i.importance i.in i.the i.development i.of i.new i.membranes. i.The i.thermal i.decomposition i.of i.kaolin i.and i.the 

i.formation i.of i.aluminosilicate i.phases i.is i.described i.in i.part i.by i.the i.reactions i.below: 

 

Kaolin i.membranes i.have i.been i.studied i.both i.as i.composites i.and i.single-component i.systems. i.Kaolin 

i.membranes i.without i.any i.reactive i.additives i.presented i.only i.mullite i.(3Al2O3.2SiO2) i.and i.cristobalite 

i.(SiO2) i.phases i.following i.processing i.at i.temperatures i.higher i.than i.1200ºC. i.The i.use i.of i.yet i.higher 

i.temperatures i.further i.enhances i.mechanical i.strength i.through i.the i.formation i.of i.needle-like i.mullite 

i.structures, i.i.e., i.mullite i.whiskers, i.and i.densification i.of i.membranes. i.However, i.it i.is i.possible i.to 

i.obtain i.different i.phase i.assemblages i.by i.including i.a i.various i.solid-state i.inorganic i.component i.with 

i.the i.propensity i.to i.react i.at i.high i.temperatures. i.For i.example, i.if i.an i.alumina i.source, i.like i.bauxite i.or 

i.pure i.alumina, i.is i.added, i.then i.cristobalite, i.formed i.during i.the i.metakaolin i.to i.spinel i.and i.spinel i.to 

i.mullite i.transformation i.steps, i.will i.react i.with i.alumina i.to i.yield i.an i.increased i.mullite i.content. 

i.Various i.processes i.have i.used i.calcium i.and i.magnesium i.sources, i.such i.as i.naturally i.occurring i.calcite 

i.and i.limestone i.(CaCO3), i.dolomite i.(CaMgCO3) i.[17], i.and i.commercial i.calcium i.carbonate i.[11], i.to 

i.obtain i.additional i.phases i.to i.mullite, i.such i.as i.anorthite i.(CaAl2Si2O8) i.and i.cordierite 

i.((Mg,Fe)2Al4Si5O18), i.which i.both i.influence i.membrane i.performance i.and i.form i.at i.relatively i.low 

i.temperatures i.compared i.to i.mullite. i.Fabrication i.of i.membranes i.for i.water i.filtration i.applications 

i.using i.kaolin i.with i.or i.without i.additives i.is i.summarized i.in i.Table i.2.3. i.Earlier i.research i.efforts 

i.employed i.significant i.levels i.of i.additives i.in i.fabrication i.processes. i.Those i.additives i.not i.only i.take 

i.part i.in i.phase i.formation i.but i.through i.gas i.evolution, i.can i.further i.serve i.as i.pore i.formers. i.As i.a i.few 

i.examples, i.calcium i.carbonate i.assists i.pore i.formation i.through i.CO2 i.produced i.in i.decomposition, 



 

20 
 

i.while i.quartz i.increases i.mechanical i.and i.thermal i.stability, i.and i.feldspar i.acts i.as i.a i.sintering i.aid, 

i.forming i.a i.fluxed i.glassy i.phase i.at i.low i.temperatures. i.Additionally, i.the i.inclusion i.of i.ball i.clay 

i.provides i.plasticity i.and i.strength i.to i.the i.green i.body i.in i.the i.early i.processing i.stages. i.It i.should i.be 

i.noted i.that i.a i.large i.number i.of i.constituents i.often i.involved i.in i.processing i.results i.in i.difficulties i.to 

i.identify i.the i.effects i.of i.each i.component i.on i.the i.final i.properties i.of i.the i.membrane. i.In i.more i.recent 

i.research, i.fewer i.additives i.are i.employed, i.and i.the i.use i.of i.kaolin i.raw i.materials i.solely i.with i.organic 

i.pore i.formers i.has i.emerged i.as i.a i.promising i.approach. 

As i.a i.soft i.clay, i.the i.particle i.size i.of i.kaolin i.clay i.is i.sufficiently i.small i.for i.membrane i.fabrication. 

i.Nevertheless, i.further i.decreases i.in i.particle i.size i.can i.readily i.be i.achieved i.by i.milling. i.Most 

i.commonly, i.kaolin i.particles i.used i.in i.water i.purification i.membranes i.are i.between i.15 i.µm i. i.and i.1µm 

i., i.with i.sintering i.temperatures i.ranging i.between i.850ºC i.and i.1550ºC, i.with i.most i.processes i.using 

i.temperatures i.higher i.than i.1150ºC, i.selected i.according i.to i.composition i.and i.desired i.pore i.size. 

i.Higher i.temperatures i.result i.in i.improved i.mechanical i.strength i.at i.the i.expense i.of i.reduced i.overall 

i.porosity. i.The i.mechanical i.strength i.of i.kaolin-based i.membranes i.is i.governed i.by i.porosity i.and 

i.mineralogy, i.which i.are i.determined i.by i.additives i.and i.sintering i.temperature. i.However, i.the 

i.comparison i.of i.the i.mechanical i.strength i.of i.different i.membranes i.fabricated i.using i.kaolin, i.with i.or 

i.without i.additives, i.is i.rendered i.complex i.owing i.to i.the i.diversity i.of i.mechanical i.testing i.methods i.and 

i.sample i.geometries. i.It i.should i.be i.noted i.that, i.in i.general, i.while i.a i.three-point i.bending i.test i.is i.more 

i.appropriate i.for i.facilitating i.comparative i.analysis, i.mechanical i.stability i.tests i.should i.be i.designed 

i.according i.to i.the i.membrane i.shape i.(configuration). i.To i.summarize, i.kaolin i.is i.cheaply i.available 

i.almost i.all i.over i.the i.world i.and i.can i.be i.applied i.in i.membrane i.technology i.as i.support i.or i.filtration 

i.layer. i.Fine i.powders i.can i.be i.produced i.from i.relatively i.soft i.kaolin, i.which i.is i.important i.for 

i.obtaining i.small i.pore i.sizes i.and i.high i.mechanical i.stability.
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Table i.2.3. i.Low-cost i.membranes i.prepared i.using i.kaolin i.as i.a i.main i.raw i.material. 

Materials Mixed with Kaolin
Shaping 

Technique

Sintering 

Temperature, °C
Porosity, % Pore Size, µm

Flexural 

Strength, 

MPa

Application

Quartz, sodium carbonate, calcium carbonate, and boric acid Paste casting 850–1000 33–42 0.55–0.81 3–8 MF

Quartz, calcium carbonate, sodium carbonate, boric acid, and sodium 

metasilicate
Pressing 900 35–39 0.72–1.69 7–11

MF of mosambi juice

Quartz, calcium carbonate, sodium carbonate, boric acid, and sodium 

metasilicate
Pressing 900 30–37 2–3 -

MF of oil-in-water emulsions

Quartz, ball clay, pyrophyllite, and feldspar Extrusion 950 53 0.31 12 MF of oil in water emulsion

Quartz and calcium carbonate Pressing 900–1000 30 1.3 34 MF of oil and bacteria

Limestone Extrusion 800–1100 48 7 30 Support layer

Lime Extrusion 800–1100 47 8 30–53 Support layer

Feldspar, sodium metasilicate nanohydrate, and boric acid Pressing 850 29 0.93 8.7 MF

Pressing and 

Extrusion
1000–1300 37–56 1.6–48 6–15

Support layer

Extrusion 1100–1300 44.6 4.7 47.6 Support layer

Extrusion 1250 52 4 23 Support layer

Extrusion 1150–1300 42–50 4–8 67–77 Support layer

Extrusion 1150 50 4 28 Support layer

Pressing and 

extrusion

1300 and 

1100–1250
49 3 87

Support layer

Bentonite, talc, sodium borate, and carbon black Pressing 1000 34 0.65–1.25 58 MF of oil-in-water emulsion

Bauxite Pressing 1300–1600 31 0.15–0.8 100 * MF

Ball clay, quartz, alumina, and calcium carbonate Paste casting 1100–1400 35–46 0.1–1 20–60 MF

Ball clay, feldspar, calcium carbonate, and pyrophyllite Pressing 800–1000 44 1.01 28 Support layer

Alumina and aluminum hydroxide Pressing 1300–1550 46 1.3 - Support layer

Support: 

extrusion; MF 

layer: slip 

casting

Support: 

1000–1250; MF 

layer: 1050

46–60 0.9–1.4 4–24

MF

Extrusion 1150 49 1.2 5.8 Solid particle removal from water

Extrusion 1200–1500 - 0.32 221 Arsenic removal and oil removal

Extrusion 1100–1250 27 0.76 28 MF of cuttlefish effluent

Extrusion 1200–1500 32–57 0.53–4.25 15–35 MF of oil-in-water emulsion

Extrusion 1200–1500 - 0.4–0.5 70 MF of wastewater (oil and dye)

Pressing 1050–1100 43 0.5 20 MF

Support: 

pressing; UF: 

dip coating

Support: 900–1100; 

UF layer: 850–900

Support 

30–41; UF 27

Support 

1.4–6.3; UF 0.09
-

UF

Pressing 950 30 0.1 60 MF

Dolomite

Calcium carbonate

Calcite

Without reactive additives
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2.13 Other i.Clays 
 

Further i.to i.kaolin, i.a i.broad i.variety i.of i.alternative i.clay i.types i.are i.also i.of i.interest i.towards 

i.low-cost i.filtration i.membranes. i.These i.clays i.include i.sepiolite, i.ball i.clay, i.bentonite, i.and 

i.attapulgite.The i.application i.of i.clays i.in i.water i.filtration i.has i.a i.long i.history. i.However, i.earlier i.studies 

i.are i.related i.to i.water i.filtration i.by i.clay i.media i.in i.bed i.filtration i.systems i.rather i.than i.as i.filtration 

i.membranes i.and i.are i.therefore i.beyond i.the i.scope i.of i.this i.review. 

 

The i.chemical i.composition i.of i.clay i.material i.according i.to i.the i.origin, i.particle i.property i.(clay 

i.composed i.of i.powder i.particles i.or i.fibrous i.clay, i.like i.attapulgite), i.and i.particle i.size i.of i.clays i.are 

i.diverse i.and i.do i.not i.follow i.any i.trend i.in i.membrane i.fabrication i.from i.clays. i.It i.is i.worth i.mentioning 

i.that i.membranes i.with i.pore i.sizes i.as i.small i.as i.3 i.nm, i.and i.flexural i.strength i.values i.up i.to i.69 i.MPa 

i.are i.successfully i.achieved i.by i.cordierite i.membrane i.prepared i.from i.sepiolite i.clay. 

Membrane i.preparation i.using i.attapulgite i.or i.palygorskite i.clay i.is i.a i.promising i.approach. i.Attapulgite 

i.is i.one i.of i.the i.most i.important i.naturally i.available i.fibrous i.clays i.with i.many i.attractive i.properties, 

i.such i.as i.a i.large i.specific i.surface i.area, i.excellent i.mechanical i.strength, i.high i.adsorptive i.capacity 

i.along i.with i.high i.chemical i.and i.thermal i.stability. i.Moreover, i.membranes i.can i.be i.prepared i.from 

i.attapulgite i.without i.the i.need i.for i.high-temperature i.sintering. i.Because i.of i.their i.fibrous i.composition, 

i.attapulgite-based i.membranes i.have i.competitive i.mechanical i.and i.filtration i.properties i.exhibiting i.pore 

i.sizes i.of i.around i.12 i.nm i.and i.porosity i.above i.60%, i.which i.makes i.them i.competitive i.with 

i.conventional i.membranes i.in i.UF i.applications i.. i.Additionally, i.by i.adding i.long-chain i.polymers, i.such 

i.as i.polyvinyl i.alcohol i.(PVA), i.it i.is i.possible i.to i.obtain i.flexible i.fibrous i.membranes, i.as i.shown i.in 

i.Figure i.2.7. 

 

 
Fig i.2.7 i.: i.SEM i.image i.of i.the i.membrane i.surface. i.Flexible i.membranes i.have i.been i.fabricated i.using 

i.fibrous i.attapulgite i.clay i.and i.sintering-free i.method 

 

Zeolite i.Minerals 

Naturally i.occurring i.zeolite i.minerals i.are i.mainly i.composed i.of i.hydrated i.aluminosilicates i.having i.a 

i.nominal i.composition i.of i.[(SiO2)(AlO2)x]M·yH2O. i.These i.natural i.materials i.exhibit i.a i.three-
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dimensional i.framework i.structure i.with i.nanoscale i.porosity. i.Zeolites i.occur i.in i.many i.types i.of i.rocks 

i.but i.are i.most i.common i.in i.volcaniclastic i.sediments, i.and i.the i.largest i.and i.purest i.deposits i.are i.altered 

i.vitric i.tuffs. i.They i.have i.a i.wide i.range i.of i.applications, i.such i.as i.in i.construction, i.water i.treatment, 

i.agriculture, i.catalysis, i.as i.well i.as i.medical i.applications. i.There i.are i.many i.types i.of i.synthetic i.zeolites, 

i.which i.can i.be i.obtained i.by i.hydrothermal i.or i.other i.applicable i.methods. i.However, i.here i.we i.focus 

i.only i.on i.naturally i.available i.zeolite i.materials, i.which i.can i.be i.sourced i.cheaply i.in i.large i.quantities 

i.and i.are i.thus i.of i.more i.direct i.relevance i.towards i.low-cost i.water i.filtration i.systems. i.Fabrication i.of 

i.membranes i.from i.natural i.zeolites i.involves i.steps i.of i.grinding, i.shaping, i.and i.sintering i.to i.obtain 

i.robust i.bulk i.materials i.of i.the i.desired i.aluminosilicate i.phases. i.An i.early i.study i.by i.Roque-Malherbe 

i.et i.al. i.used i.natural i.zeolite i.to i.fabricate i.porous i.support i.layers i.for i.membranes. i.Subsequently, i.multi-

layer i.ceramic i.microfiltration i.membranes i.were i.produced i.using i.different i.particle i.sizes i.of i.ground 

i.zeolites. i.Obtained i.membranes i.have i.shown i.pore i.sizes i.between i.0.3 i.µm i.and i.1.1 i.µm. 

 

Apatite 

Apatites, i.having i.the i.nominal i.form i.Ca5(PO4)3(F,Cl,OH), i.are i.naturally i.occurring i.materials i.that i.have 

i.a i.wide i.range i.of i.applications i.in i.biomedical, i.chemical, i.pharmaceutical, i.environmental, i.and 

i.geological i.fields. i.As i.an i.example, i.apatite i.particles i.can i.be i.used i.to i.remove i.divalent i.heavy i.or 

i.radioactive i.metals i.from i.water i.by i.cation i.exchange i.process, i.where i.Ca2+
 i.exchanges i.with i.target 

i.metal i.ions, i.such i.as i.lead i.ion. i.There i.have i.been i.several i.studies i.related i.to i.the i.application i.of 

i.apatite i.in i.environmental i.technology i.to i.treat i.a i.variety i.of i.aqueous i.wastes i.and i.contaminated i.soils. 

i.Apatites i.are i.not i.only i.able i.to i.efficiently i.adsorb i.metal i.contaminants i.but i.are i.also i.effective i.in i.the 

i.removal i.of i.anionic i.and i.cationic i.dyes i.by i.adsorption. i.Apatite-based i.membranes i.are i.predominantly 

i.applied i.on i.support i.layers i.of i.other i.materials, i.e.g., i.alumina i.support i.layer i.covered i.with i.apatite 

i.filtration i.layer; i.therefore, i.mechanical i.strength i.is i.seldom i.discussed. i.Only i.Masmoudi i.et i.al. 

i.reported i.the i.preparation i.of i.flat i.support i.layers i.using i.apatite, i.with i.obtained i.materials i.exhibiting i.a 

i.flexural i.strength i.up i.to i.30 i.MPa i.after i.sintering i.at i.a i.temperature i.of i.1210 i.°C. i.This i.mechanical 

i.strength i.is i.comparable i.to i.other i.low-cost i.material-based i.membranes. 

 

Quartz i.Sand 

Natural i.quartz i.sand i.is i.a i.sedimentary i.rock i.that i.consists i.of i.crystalline i.silicon i.dioxide i.in i.the i.form 

i.of i.quartz i.(SiO2). i.It i.is i.highly i.resistant i.to i.both i.mechanical i.and i.chemical i.weathering. i.Hence, 

i.quartz i.is i.among i.the i.most i.abundant i.and i.widely i.distributed i.minerals i.found i.at i.Earth’s i.surface. 

i.Geological i.processes i.have i.occasionally i.deposited i.sands i.that i.are i.composed i.of i.almost i.100% 

i.quartz i.grains. i.These i.deposits i.have i.been i.identified i.and i.produced i.as i.sources i.of i.high i.purity i.silica 

i.sand. i.These i.sands i.are i.of i.particular i.value i.in i.the i.glassmaking i.industry. i.Sand i.has i.a i.long i.history 

i.in i.water i.purification i.applications, i.having i.been i.used i.since i.1829 i.for i.the i.production i.of i.slow i.sand 

i.filters i.(SSF), i.an i.earlier i.industrial i.water i.treatment i.process. i.As i.the i.name i.refers, i.this i.water 
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i.cleaning i.method i.is i.slow i.and i.has i.many i.drawbacks, i.that i.is i.why i.nowadays i.slow i.sand i.filters 

i.mainly i.exist i.in i.developing i.countries. i.Based i.on i.a i.survey i.of i.related i.literature, i.it i.can i.be i.concluded 

i.that i.on i.the i.basis i.of i.naturally i.and i.cheaply i.available i.quartz i.sands, i.it i.is i.feasible i.to i.prepare 

i.support, i. i.microfiltration, i.and i.ultrafiltration i.layers i.for i.water i.treatment i.membranes. i.However, 

i.further i.detailed i.research i.is i.necessary i.to i.fully i.understand i.the i.effect i.of i.sintering i.temperature, 

i.particle i.size, i.additives i.on i.pore i.structure, i.and i.mechanical i.properties i.of i.membranes 

 

Natural i.Pozzolan 

The i.term i.pozzolan i.is i.used i.generically i.to i.define i.materials, i.which i.have i.constituents i.that i.at 

i.ambient i.temperature i.combine i.with i.lime i.in i.the i.presence i.of i.water i.to i.form i.permanently i.insoluble 

i.and i.stable i.compounds i.that i.behave i.like i.cement, i.and i.that i.is i.why i.natural i.occurring i.pozzolan 

i.minerals i.are i.mainly i.used i.in i.cement i.industry. i.Rather i.than i.forming i.a i.cement, i.Achiou i.et i.al. 

i.sintered i.pozzolan i.material i.at i.950 i.°C, i.to i.obtain i.microfiltration i.membranes i.with i.porosity i.around 

i.30% i.and i.pore i.size i.2–3 i.µm, i.which i.were i.successfully i.applied i.for i.treating i.wastewater i.from i.textile 

i.industries. i.Results i.thus i.far i.have i.been i.promising, i.motivating i.the i.further i.investigation i.of 

i.pozzolan-based i.membranes. i.Nevertheless, i.in i.all i.published i.work i.on i.this i.topic, i.a i.sintering 

i.temperature i.of i.950 i.°C i.has i.been i.used. i.Nevertheless, i.in i.all i.published i.work i.on i.this i.topic, i.a 

i.sintering i.temperature i.of i.950 i.°C i.has i.been i.used. i.Phase i.change i.behavior i.with i.temperature i.should 

i.be i.investigated i.to i.see i.if i.more i.durable i.and i.valuable i.phases i.occur i.at i.higher i.temperatures i.or i.how 

i.porosity i.and i.pore i.size i.distribution i.change i.with i.thermal i.treatment i.and i.densification. 

 

Waste i.Materials i.(Ashes) 

Utilization i.of i.waste i.materials i.and i.by-products i.from i.different i.industries i.is i.a i.key i.focal i.point i.in 

i.research i.towards i.sustainable i.materials i.development. i.Coal-fired i.power i.plants i.and i.agricultural 

i.industries i.often i.produce i.large i.volumes i.of i.ash i.as i.by-products, i.which i.pose i.a i.significant 

i.environmental i.problem i.if i.they i.are i.not i.handled i.appropriately. i.However, i.these i.so-called i.waste 

i.materials, i.which i.include i.significant i.silica i.content, i.offer i.various i.pathways i.for i.valorization. i.Fly 

i.ash, i.rice i.husk i.ash, i.and i.sugarcane i.bagasse i.ash i.are i.produced i.in i.high i.volumes i.worldwide, i.and 

i.they i.can i.be i.used i.as i.raw i.materials i.for i.technological i.applications, i.including i.membrane 

i.technology. 

 

Fly i.Ash 

Being i.a i.by-product i.of i.coal i.combustion, i.fly i.ash i.is i.among i.the i.most i.abundant i.waste i.materials 

i.produced i.and, i.despite i.being i.implemented i.in i.various i.industries, i.including i.concrete i.and i.paving, i.its 

i.safe i.disposal i.remains i.problematic. i.The i.use i.of i.fly i.ash i.as i.a i.raw i.material i.in i.membrane i.fabrication 

i.offers i.a i.pathway i.towards i.low-cost i.water i.treatment i.solutions. i.The i.spherical i.particle i.geometries, 

i.as i.shown i.in i.Figure i.2.8, i.are i.lying i.between i.1 i.and i.100 i.microns i.in i.diameter, i.and i.the i.silica-rich 
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i.composition i.of i.readily i.available i.fly-ash i.is i.conducive i.to i.the i.fabrication i.of i.porous i.materials 

i.containing i.phases i.of i.cordierite, i.mullite, i.and i.anorthite, i.according i.to i.the i.additives i.used. i.The 

i.mineralogical i.composition i.of i.membranes i.prepared i.from i.fly i.ash i.exhibits i.tremendous i.variation, 

i.depending i.not i.only i.on i.the i.composition i.of i.the i.raw i.material i.but i.also i.on i.the i.sintering 

i.temperatures i.and i.additives i.used. 

In i.the i.absence i.of i.additives, i.the i.phases i.formed i.in i.fly i.ash i.derived i.membranes i.are i.dependent i.only 

i.on i.sintering i.Temperature 

 

.  

Fig i.2.8: i.SEM i.image i.of i.typical i.fly i.ash i.composed i.of i.mainly i.spherical i.particles i.and i.1- 

i.some i.irregularly i.shaped i.grains(Golewski, i.G.L. i.Improvement i.of i.fracture i.toughness i.of i.green 

i.concrete i.as i.a i.result i.of i.addition i.of i.coal i.fly i.ash. i.Characterization i.of i.fly i.ash 

i.microstructure. i.Mater. i.Charact. i.2017, i.134, i.335–346.) 

 

Cement 

Most i.of i.the i.research i.efforts i.towards i.low-cost i.ceramic i.membranes i.have i.used i.naturally i.available 

i.minerals i.in i.conjunction i.with i.high-temperature i.processing i.steps, i.which i.generally i.incurs i.significant 

i.energy i.costs. i.To i.further i.decrease i.the i.costs i.of i.ceramic i.membranes, i.there i.is i.interest i.in i.developing 

i.sintering-free i.preparation i.routes. 

Sintering i.aims i.to i.give i.mechanical i.strength i.to i.membrane i.green i.bodies i.through i.fusion i.and 

i.densification. i.Ordinary i.Portland i.cement i.and i.geopolymer i.cement i.achieve i.mechanical i.strength 

i.without i.sintering. i.In i.this i.thesis, i.membranes i.fabricated i.using i.geopolymers, i.a i.newer i.kind i.of 

i.cement i.will i.be i.explored. i.Since i.this i.material i.is i.very i.high i.in i.resistance i.and i.locally i.available i.I 

i.started i.to i.think i.about i.using i.this i.geoploymers i.and i.modifying i.it i.to i.some i.extent. 

 

2.14 Membrane i.Applications 

Membrane i.products i.are i.well i.known i.for i.producing i.potable i.water i.in i.municipal i.plants i.and 

i.seawater i.desalination. i.However, i.what i.is i.not i.appreciated i.is i.how i.much i.membrane i.technology i.is 

i.used i.in i.industrial i.applications i.around i.the i.world. i.Membranes i.achieve i.separations i.without i.a i.phase 

i.change i.and i.the i.absence i.of i.applying i.heat i.can i.be i.advantageous i.to i.some i.applications. i.The i.ability 

i.to i.remove i.water i.from i.a i.process i.stream i.or i.effluent i.has i.shown i.to i.be i.an i.effective i.way i.of 

i.concentrating i.valuable i.components i.of i.an i.aqueous i.stream. i.At i.times i.the i.membrane i.facility i.may 
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i.not i.be i.large i.compared i.to i.a i.municipal i.plant i.but i.the i.value i.to i.the i.system i.and i.process i.may i.be 

i.critical i.for i.overall i.economic i.viability. i.Sometimes, i.the i.water i.available i.to i.an i.industrial i.facility 

i.may i.not i.meet i.the i.requirements i.of i.the i.application i.and i.membranes i.can i.be i.used i.to i.improve i.the 

i.quality i.so i.that i.the i.process i.can i.be i.run. i.Or i.perhaps i.the i.discharge i.from i.the i.processes i.is i.too i.great 

i.and i.a i.reduction i.step i.is i.needed i.that i.can i.be i.facilitated i.by i.membranes. i.At i.times, i.the i.concentration 

i.of i.the i.solution i.may i.not i.be i.desirable i.and i.an i.easy, i.efficient i.means i.of i.adjusting i.the i.concentration 

i.may i.be i.in i.order i.by i.using i.membranes. i.Finally, i.application i.of i.membrane i.includes i.are i.following:.: 

✓ Food i.and i.Beverage: 

o Bottled i.Water 

o Beer, i.wine, i.and i.alcoholic i.beverages 

o Fruit i.juices i.and i.maple i.syrup 

o Milk i.and i.cheese 

✓ Industrial i.Processes 

o Clarification i.of i.biochemical i.processes 

o Petroleum i.refining 

o Paint, i.adhesive, i.and i.solvent i.recovery 

✓ High i.purity i.applications i.such i.as 

o  i.semiconductor, i. 

o boiler i.feed i.and i.power i.industry i. 

✓ Mining i.and i.Metal i.Processes 

o Plating i.processes i.and i.waste i.reduction 

o Gold i.and i.uranium i.recovery 

o Recovery i.of i.precious i.metals 

✓ Landfill i.leachate i.reduction 

2.14.1 Application i.in i.Food i.Industry 

Membrane i.processes i.employ i.a i.barrier i.layer i.that i.allows i.water i.to i.permeate i.or i.pass i.through 

i.it i.but i.rejects i.or i.retards i.other i.components i.from i.going i.along i.with i.that i.filtrate. i.In i.the i.case i.of 

i.microfiltration i.and i.ultrafiltration, i.distinct i.pores i.in i.the i.polymer i.allow i.for i.water i.to i.flow i.through 

i.the i.barrier i.but i.retard/reject i.the i.passage i.of i.species i.larger i.than i.the i.pores. i.Reverse i.osmosis i.barrier 

i.layers i.do i.not i.have i.distinct i.pores i.but i.do i.allow i.water i.to i.diffuse i.through i.the i.barrier i.layer i.and 

i.reject i.most i.of i.the i.dissolved i.ions i.in i.the i.mixture. i.Since i.heat i.is i.not i.used i.to i.effect i.the i.separations, 

i.the i.components i.in i.the i.mixture i.are i.less i.likely i.to i.suffer i.thermal i.degradation. i.Membranes i.are 

i.replacing i.diatomaceous i.earth i.filtration i.(DE), i.multimedia i.filtration, i.centrifugation, i.extraction, 

i.rotary i.vacuum i.filters, i.evaporation i.and i.distillation i.and i.other i.unit i.operations i.that i.have i.been i.used 

i.to i.make i.products. i.Cold i.sterilization i.of i.beverages, i.pharmaceuticals i.and i.milk i.take i.advantage i.of 

i.the i.membrane i.systems. i.Most i.of i.the i.membrane i.products i.commercially i.available i.have i.a i.polymeric 

i.barrier i.layer i.however i.ceramic i.membranes i.with i.distinct i.pores i.have i.been i.used i.in i.demanding 

i.conditions i.and i.are i.finding i.use i.in i.new i.applications. i.Ceramic i.membranes i.have i.pore i.sizes i.that 

i.classify i.them i.as i.microfiltration i.and i.ultrafiltration i.filters. i.Membrane i.Applications, i.The i.range i.of 

i.applications i.that i.currently i.take i.advantage i.of i.membranes i.is i.impressive i.and i.continues i.to i.grow. 

i.Some i.of i.these i.are i.discussed i.below: i. 
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Food i.and i.Beverage i.Bottled i.water: i. 

Since i.the i.feed i.water i.may i.vary i.from i.site i.to i.site, i.the i.bottled i.water i.industry i.has i.embraced 

i.membrane i.technology. i.Some i.purified i.bottled i.water i.manufacturers i.want i.to i.produce i.a i.reproducible 

i.product i.no i.matter i.what i.the i.feed i.source i.and i.as i.such i.they i.treat i.the i.local i.water i.to i.remove i.almost 

i.all i.of i.the i.constituents i.and i.then i.add i.back i.a i.package i.of i.ingredients i.to i.give i.a i.recognizable i.taste 

i.and i.feel i.to i.that i.particular i.brand i.of i.bottled i.water.Similarly, i.bottled i.water i.producers i.utilize 

i.membranes i.for i.their i.barrier i.properties i.to i.exclude i.bacteria i.and i.microorganisms. i.Soft i.drink 

i.manufacturers i.need i.safe i.clean i.water i.free i.of i.microorganisms i.and i.make i.up i.water i.is i.treated i.with 

i.membranes i.at i.a i.number i.of i.soft i.drink i.facilities. 

Beer i.production: i. 

During i.the i.production i.of i.beer, i.brew i.masters i.around i.the i.world i.are i.particularly i.specific 

i.about i.the i.consistency i.and i.quality i.of i.the i.water i.that i.they i.use i.for i.the i.manufacture i.of i.beer. 

i.Membrane i.facilities i.are i.able i.to i.take i.locally i.available i.water i.sources i.and i.treat i.them i.to i.acceptable 

i.ionic i.content i.including i.hardness i.and i.alkalinity i.for i.use. i.In i.addition, i.membranes i.are i.used i.for 

i.continuous i.beer i.stabilization i.to i.improve i.operating i.efficiency i.of i.the i.brewery i.and i.continuous 

i.clarification i.and i.final i.filtration i.of i.the i.beer. 

Wine: i. 

Membranes i.have i.been i.used i.for i.wine i.clarification i.and i.the i.avoidance i.of i.filter i.aids i.such i.as 

i.diatomaceous i.earth i.(DE) i.eliminates i.a i.disposal i.issue i.and i.loss i.of i.wine i.that i.would i.have i.been 

i.associated i.with i.the i.spent i.aid. i. i.Removal i.of i.suspended i.solids, i.yeast i.and i.bacteria i.and i.automation 

i.of i.the i.filtration i.process i.reduces i.losses, i.improve i.economics i.and i.minimizes i.labor i.when i.producing 

i.wine. 

Fruit i.juice: i. 

Fruit i.juice i.manufacturers i.take i.advantage i.of i.membrane i.technology i.in i.a i.number i.of i.ways. 

i.Concentration i.of i.natural i.juices i.can i.be i.achieved i.in i.which i.water i.is i.removed i.as i.permeate i.and i.the 

i.concentrated i.juice i.is i.left i.behind. i.Since i.no i.heat i.is i.applied i.there i.is i.no i.degradation i.of i.the i.many 

i.complex i.juice i.sugars i.and i.flavor i.components. i.Color i.can i.be i.controlled i.and i.even i.enhanced i.during 

i.the i.concentration i.step. i. i.Produced i.juice i.can i.be i.purified i.and i.clarified i.by i.removal i.of i.fine i.particles 

i.from i.juice i.which i.clarifies i.the i.mixture i.and i.gives i.it i.a i.haze-free i.property i.that i.allows i.for i.longer 

i.shelf i.life. i.Since i.bacteria i.and i.microorganisms i.are i.excluded i.in i.membrane i.processes, i.the i.juice i.is 

i.less i.likely i.to i.spoil i.and i.will i.remain i.safe i.to i.drink i.for i.longer i.periods i.of i.time. i.Fruit i.solids i.can i.be 

i.recovered i.in i.some i.cases i.and i.bitterness i.components i.removed i.by i.appropriate i.use i.of i.membranes. 
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i.Removal i.of i.limonin i.and i.polyphenols i.has i.been i.done i.in i.a i.number i.of i.fruit i.juices i.including 

i.orange, i.grapefruit, i.tangerine i.and i.many i.more. i.Apple i.juice i.clarification i.and i.concentration i.as i.well 

i.as i.removal i.of i.biological i.species i.that i.are i.thermal i.resistant i.have i.been i.accomplished i.with 

i.membrane i.systems. 

Dairy i.applications i. 

The i.dairy i.industry i.has i.embraced i.membranes i.for i.many i.years. i.An i.obvious i.use i.is i.the 

i.concentration i.of i.milk i.and i.whey i.to i.reduce i.shipping i.costs, i.produce i.condensed i.milk i.or i.provide 

i.concentrated i.milk i.for i.cheese i.production. i. i.Membranes i.are i.being i.used i.on i.sweet/acid i.whey 

i.concentration i.before i.evaporation i.or i.spray-drying. i.Removal i.of i.bacteria i.and i.spores i.from i.milk i.aids 

i.shelf i.life i.and i.product i.stability. i.Acids i.and i.caustic i.are i.used i.to i.clean i.the i.equipment i.at i.dairies i.and 

i.membranes i.are i.being i.used i.to i.clarify i.the i.cleaning i.solutions i.by i.removing i.suspended i.and 

i.dissolved i.solids i.to i.allow i.reuse i.of i.the i.solutions. i.Cheese i.manufacturing i.produced i.whey i.that i.was 

i.a i.troublesome i.by-product i.however i.membrane i.technology i.has i.allowed i.for i.use i.of i.this i.material i.via 

i.partial i.demineralization i.and i.concentration. i.Separation i.of i.casein i.from i.whey i.products i.allow i.for 

i.cheese i.production i.and i.whey i.protein i.concentration. 

2.14.2 Application i.in i.Chemical i.and i.Biochemical i.Industry i. 

Enzymes i.are i.important i.to i.industrial i.processes i.and i.they i.improve i.the i.speed i.or i.efficiency 

i.of i.biochemical i.reactions. i.Advancements i.in i.enzyme i.production i.have i.been i.facilitated i.by i.the i.use 

i.of i.microfiltration. i.The i.cells i.that i.generated i.the i.enzymes i.are i.rejected i.by i.the i.barrier i.layer i.of 

i.membranes i.but i.the i.enzymes i.can i.pass i.though i.the i.pores. i.Prior i.methods i.of i.centrifugation i.and 

i.filtration i.were i.hard i.on i.the i.enzymes i.and i.limited i.productivity. i. 

Separation i.of i.sugars i.such i.as i.dextrose i.and i.maltose i.from i.fibrous i.and i.undesirable i.proteins i.while 

i.purifying i.the i.mixture i.can i.be i.done i.with i.membranes. i.Clarification i.of i.the i.process i.stream i.after 

i.saccharification i. i.has i.been i.done i.in i.different i.facilities. i.Gelatin, i.egg i.whites, i.soy i.protein i.and i.other 

i.natural i.products i.can i.be i.improved i.using i.microfiltration i.and i.ultrafiltration. 

Wet i.corn i.milling i.grinds i.the i.corn i.and i.then i.membranes i.have i.been i.used i.for i.removal i.of i.the i.mud 

i.for i.dextrose i.clarification, i.cell i.and i.biomass i.removal, i.protein, i.peptide i.and i.enzyme i.recovery, 

i.purification i.of i.dextrose, i.and i.maltose i.clarification. iMethanol i.removal i.from i.organic i.mixtures i.has 

i.been i.achieved i.by i.taking i.advantage i.of i.the i.hydrophilic i.nature i.and i.low i.molecular i.weight i.of i.that 

i.alcohol. i.Extraction i.of i.valuable i.volatiles, i.dehydration i.of i.organic i.solvents, i.aroma i.extraction i.can 

i.be i.done. i.Natural i.essential i.oils i.and i.flavors i.can i.be i.enriched i.and i.improved i.via i.membrane 

i.fractionation i.and i.recovery. 
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Nutraceuticals i.is i.a i.growing i.market i.in i.which i.nutrition i.and i.pharmaceutical i.are i.combined. 

i.Membranes i.are i.being i.used i.for i.the i.extraction, i.separation, i.concentrate i.and i.purifications i.of 

i.materials i.that i.fill i.this i.demand. i.Animal i.processing i.facilities i.generate i.significant i.volumes i.of i.blood 

i.that i.traditionally i.has i.been i.a i.costly i.waste i.stream. i.However, i.by i.concentrating i.the i.blood i.plasma, 

i.a i.valuable i.additive i.for i.biochemical i.processes i.or i.pet i.food i.can i.be i.produced, i.and i.a i.potential i.cost 

i.item i.becomes i.a i.revenue i.generating i.product. i. 

Waste i.stream i.effluent i.reduction i.with i.membrane i.systems i.is i.wide i.spread. i.Pulp i.and i.paper i.mills 

i.utilize i.membrane i.systems i.to i.filter i.the i.effluent i.prior i.to i.discharge i.and i.minimize i.the i.actual 

i.amount i.of i.liquid i.that i.will i.be i.discharged i.from i.the i.facility. i.Production i.of i.paint i.and i.adhesives 

i.may i.use i.membranes i.and i.in i.the i.automotive i.and i.appliance i.industry i.that i.use i.water i.soluble i.paints, 

i.membranes i.are i.being i.used i.to i.recover i.the i.paint i.while i.improving i.batch i.conductivity i.by i.removing 

i.salts i.and i.process i.metals. i.Improvements i.in i.maintenance i.of i.the i.solids i.level i.in i.the i.process i.and 

i.reuse i.of i.the i.paint i.reduce i.the i.waste i.load i.from i.the i.plant i.and i.make i.the i.overall i.process i.economics 

i.more i.favorable. i.RO i.for i.the i.recycle i.of i.rinse i.water i.for i.pre-paint i.rinse i.system i.and i.recovery i.of 

i.paint i.solids i.from i.treatment i.waste i.streams i.has i.been i.used i.to i.improve i.painting i.economics. i.Fine 

i.chemicals i.and i.pharmaceutical i.production i.employ i.membranes i.for i.recovery i.and i.are i.used i.within 

i.the i.processes. i.Petroleum i.refining i.uses i.membranes i.for i.removal i.of i.particulates i.and i.tar i.products 

i.from i.the i.process i.streams. i.Biofuels i.are i.increasing i.in i.production i.and i.membranes i.are i.used i.in i.the 

i.process i.to i.remove i.by-products i.and i.raw i.materials i.from i.the i.final i.product. 

There i.are i.some i.applications i.that i.demand i.very i.high i.purity i.or i.ultrapure i.water i.such i.as 

i.semiconductor i.chip i.rinsing i.and i.processing, i.high i.pressure i.boiler i.water i.make-up i.and i.assorted 

i.power i.plant i.needs. i.Membranes i.play i.an i.important i.part i.in i.producing i.this i.very i.low i.tds i.water. i.In 

i.these i.uses, i.the i.presence i.of i.a i.salt i.ion i.or i.impurity i.could i.be i.detrimental i.to i.the i.final i.product i.or 

i.the i.equipment i.in i.use i.and i.membrane i.technology i.coupled i.with i.other i.separation i.processes i.allow 

i.their i.success. 

There i.is i.a i.technique i.for i.washing i.windows i.that i.employs i.highly i.purified i.water i.to i.accomplish i.the 

i.task i.rather i.than i.use i.detergents i.and i.membranes i.are i.used i.to i.produce i.this i.water i.in i.an 

i.environmentally i.friendly i.way i.that i.reduces i.the i.organic i.load i.in i.the i.wash i.water. 

2.14.3 Other i.Applications 

Nano i.filtration i.has i.been i.used i.in i.organic i.solvents i.to i.separate i.larger i.molecules i.from i.the 

i.organic i.solvent i.so i.that i.it i.can i.be i.reused. i.Non-thermal i.solvent i.recovery, i.decolorization i.of 

i.solvents, i.solvent i.exchange i.at i.room i.temperature, i.in-situ i.recovery i.of i.organic i.solvent, i.monomer 

i.removal i.are i.all i.uses i.that i.allow i.reuse i.and i. i.deliver i.product i.upgrades. i.Non-thermal i.recovery i.of 
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i.solvents i.and i.room i.temperature i.solvent i.extraction i.are i.accomplished i.with i.membranes. i.Some 

i.membranes i.can i.be i.operated i.in i.pure i.solvents i.or i.mixtures. i.They i.can i.be i.used i.for i.recovery i.of 

i.antibiotics i.and i.peptides, i.dissolved i.chemicals, i.polymeric i.binders i.and i.pigments, i.dissolved 

i.catalyzed i.and i.even i.recycling i.of i.hydrocarbons i.in i.cleaning i.processes.Some i.other i.applications 

i.include: 

• Pigments i.and i.paints 

• Latex i.suspensions 

• Inks i.and i.dyes 

• Emulsified i.oils 

• Color i.removal i.for i.alcoholic i.beverages 

Summary 

Membrane i.processes i.have i.found i.a i.great i.variety i.of i.applications i.in i.which i.their i.use i.has i.improved 

i.products, i.recovered i.valuable i.components, i.added i.stability i.to i.the i.mixture, i.enhanced i.the i.aesthetics 

i.of i.the i.solutions i.and i.contributed i.to i.the i.economics i.of i.the i.processes. i.Microfiltration, i.ultrafiltration, 

i.reverse i.osmosis i.and i.nanofiltration i.each i.offer i.different i.separation i.options i.for i.industrial 

i.applications i.that i.will i.continue i.to i.grow i.in i.their i.use. 
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_____________________________________________________

CHAPTER i3 

 

WASTEWATER SOURCES & RENEWABLE 

ENERGY DRIVEN MEMBRANE 

SEPARATION 

___________________________________________ 

 

3.0 Wastewater 

Wastewater iis ithe iterm ifor idiscarded ior ipreviously iused iwater ifrom ia imunicipality ior iindustry. iThe 

iwastewater ithat iis iproduced idue ito ihuman iactivities iin ihouseholds iis icalled idomestic iwastewater ii.e. 

iwastewater ifrom ithe ikitchen, ibathroom, itoilet iand ilaundry. iSuch iwater iusually icontains idissolved ias iwell ias 

isuspended imatter iand imust ibe itreated iprior ito iits idischarge iinto inatural iwater. iTo iexamine ithe iquality iof 

iwastewater ito ibe idischarged iinto iaquatic iEnvironment ior ito ibe itreated iand ireused, ithe icharacteristics iof 

iwastewater iin iquestion imust ibe idefined iprecisely. iQuantitative iassessments iof ithe iquality iof iwastewater iare 

imade iby iconsidering imany icriteria, iincluding itemperature, idissolved ioxygen ilevel iand iconcentration iof 

iorganic ias iwell ias iinorganic icompounds. iThe imost ifrequently iused iparameters iare: iBiochemical iOxygen 

iDemand i(BOD), iChemical iOxygen iDemand i(COD), iTotal iOrganic iCarbon i(TOC), iAlkalinity, iChlorides, 

iNitrogen, iOil iand iGrease, iDissolved iOxygen, ipH, iPhosphorus, iGases, iSulphur, iSolids, iTemperature, iMetals 

ias iwell ias iMicro-organisms. iIn ithis ilesson, ithese iparameters iare idefined iand imethods ifor ianalysing ithem iare 

idiscussed ibriefly. iIn iaddition isampling iand idetermination itechniques iare idiscussed. i 

Wastewater iis ithe iwater iwhich iis idisposed ifrom ihomes, ioffices iand iindustry. iIt icomes ifrom itoilets, isinks, 

ishowers, iwashing imachines iand iindustrial iprocesses iand iwas ihistorically icalled isewage. iAt ia iglobal ilevel, 

iaround i80% iof iwastewater iproduced iis idischarged iinto ithe ienvironment iuntreated, icausing iwidespread iwater 

ipollution. iWastewater iproduced idue ito ihuman iactivities iin ihouseholds iis icalled idomestic iwastewater ii.e. 

iwastewater ifrom ithe ikitchen, ishower, iwash ibasin, itoilet iand ilaundry i(see ifigure i3.1). iThe istrength iand 

icomposition iof ithe idomestic iwastewater ichanges ion ihourly, idaily iand iseasonal ibasis, iwith ithe iaverage 

istrength idependent ion iper icapita iwater iusage, ihabits, idiet, iliving istandard iand ilife istyle. iThe imain ireason iis 

ivariation iin iwater iusage iin ihouseholds. iHouseholds iin ideveloped icountries iuse imore iwater ithan ithose iin 

ideveloping icountries. 



38 
 

 

Figure i3.1: iSources iof idomestic iwastewater i(Samwel i2005) 

Wastewater icomponents ican ibe idivided iinto idifferent imain igroups ias ishown iin iTable i3.1. iThey ican i 

adversely iaffect ithe iaquatic ilife iif idischarge ithem iinto ienvironmental. 

 

Table i3.1: iComponents ipresent iin idomestic iwastewater i(Henze iand iLedin; i2001) 

Physically, idomestic iwastewater iis iusually icharacterised iby ia igrey icolour, imusty iodour iand ihas ia isolids 

icontent iof iabout i0.1%. iThe isolid imaterial iis ia imixture iof ifaeces, ifood iparticles, itoilet ipaper, igrease, ioil, isoap, 

isalts, imetals, idetergents, isand iand igrit. iThe isolids ican ibe isuspended i(about i30%) ias iwell ias idissolved i(about 
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i70%). iDissolved isolids ican ibe iprecipitated iby ichemical iand ibiological iprocesses. iFrom ia iphysical ipoint iof 

iview, ithe isuspended isolids ican ilead ito ithe idevelopment iof isludge ideposits iand ianaerobic iconditions iwhen 

idischarged iinto ithe ireceiving iEnvironment. i 

Chemically, iwastewater iis icomposed iof iorganic i(70%) iand iinorganic i(30%) icompounds ias iwell ias ivarious 

igases. iOrganic icompounds iconsist iprimarily iof icarbohydrates i(25 i%), iproteins i(65 i%) iand ifats i(10 i%), iwhich 

ireflects ithe idiet iof ithe ipeople. iInorganic icomponents imay iconsist iof iheavy imetals, initrogen, iphosphorus, ipH, 

isulphur, ichlorides, ialkalinity, itoxic icompounds, ietc. iHowever, isince iwastewater icontains ia ihigher iportion iof 

idissolved isolids ithan isuspended, iabout i85 ito i90% iof ithe itotal iinorganic icomponent iis idissolved iand iabout i55 

ito i60% iof ithe itotal iorganic icomponent iis idissolved. iGases icommonly idissolved iin iwastewater iare ihydrogen 

isulphide, imethane, iammonia, ioxygen, icarbon idioxide iand initrogen. iThe ifirst ithree igases iresult ifrom ithe 

idecomposition iof iorganic imatter ipresent iin ithe iwastewater. 

Biologically, iwastewater icontains ivarious imicroorganisms ibut ithe iones ithat iare iof iconcern iare ithose iclassified 

ias iprotista, iplants, iand ianimals. iThe icategory iof iprotista iincludes ibacteria, ifungi, iprotozoa, iand ialgae. iPlants 

iinclude iferns, imosses, iseed iplants iand iliverworts. iInvertebrates iand ivertebrates iare iincluded iin ithe ianimal 

icategory. iIn iterms iof iwastewater itreatment, ithe imost iimportant icategory iare ithe iprotista, iespecially ithe 

ibacteria, ialgae, iand iprotozoa. iAlso, iwastewater icontains imany ipathogenic iorganisms iwhich igenerally 

ioriginate ifrom ihumans iwho iare iinfected iwith idisease ior iwho iare icarriers iof ia iparticular idisease. iTypically, ithe 

iconcentration iof ifaecal icoliforms ifound iin iraw iwastewater iis iabout iseveral ihundred ithousand ito itens iof 

imillion iper i100 iml iof isample. 

 Industrial iwastewater iis ia iby-product iof iindustrial ior icommercial iactivities. iWhether iit’s ithe ifood iwe 

ieat, ithe ibeverages iwe idrink, ithe iclothes iwe iwear, ior ithe ipaper iand ichemical iproducts iwe iuse, iwater iis irequired 

ifor inearly ievery istep iof iproduction iacross ia imultitude iof idifferent iindustries. iThe iresulting iwastewater imust 

ibe icarefully imanaged.Regardless iof ihow iwastewater iis itreated, ithe i“end iproduct” iis icalled ieffluent. iTo 

icomply iwith ienvironmental iprotection ilaws, icertain ithings imust ibe iremoved ifrom ithe iwastewater. iThis 

iincludes iorganic imatter, iinorganics i(sodium, ipotassium, icalcium, imagnesium, icopper, ilead, inickel, iand izinc), 

ipathogens, iand inutrients i(most inotably initrogen iand iphosphorus). iThe itreated iwastewater ican ithen ibe isafely 

idischarged iinto iwater ibodies, iapplied ito iland, ior ieven ireused iin iplant ioperations. 

One ioption iis ito idischarge iuntreated iwastewater ito ithe ilocal imunicipal itreatment iplant, ibut iwith ithat icomes 

iconsiderable icosts. iThe iother—often imore ifavourable—option iis ito itreat iwastewater iat ithe imanufacturing 

ifacility iitself. iThis ican ibe iaccomplished iwith ithe iright iwastewater itreatment itechnology. iOn-site itreatment ican 

ihelp iyour iplant iremain ienvironmentally icompliant iand isave imoney, iwhile ifacilitating iproduction iincreases 

iand irecovering ivaluable iresources. iIndustrial iwastewater iis ialso ione iof ithe imajor isources iof iaquatic ipollution 

iwhich icould isignificantly iendanger isurrounding ienvironments iand iecosystems. iIndustrial iwastewater, 

iespecially ifrom ichemical iand ipharmaceutical iproduction, ioften icontains isubstances ithat ineed ito ibe itreated 
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ibefore ibeing idischarged iinto ia ibiological itreatment iplant iand isubsequent iwater ibodies. iGenerally, ithis ican ibe 

idone iclose ito ithe isite iof iproduction iitself, iin iselected iwastewater istreams ibefore ireaching ia icentral itreatment 

iplant. iEach iof ithe iapproaches iused ihas icertain iadvantages iand idisadvantages. iFurthermore, ivarious 

iwastewater itreatment iprocesses iexist, ibut iselection iof ithe ibest itechnically iand icommercially iviable isolution iis 

ialways ia ichallenge. iIndustrialization ihas iplayed ia imajor irole iin ithis iarea iand ihas ibeen ithe idriving iforce ifor 

imany itreatment imethodologies ithat iare ibeing ipracticed itoday. iThere iis ia ibetter iunderstanding iof ithe 

iimportance iof iprotecting ithe ienvironment iand ienhancing ioverall isustainability itoday. iThis ichapter iconsiders 

ithe ipast iand ipresent istates iof iindustrial iwastewater itreatment. iIt ialso ioutlines ifuture ichallenges iand ilikely 

idevelopments iin iindustrial iwastewater itreatment, irecycling, iand ireuse. iIn ithe ifollowing itable i3.2 iwe 

isummarize ithe isubstances ipresent iin ithe iindustrial iwastewater. 

 

Table i3.2 iSubstances ipresent iin iindustrial ieffluents i(Bond i& iStraub,1974) 
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3.1 Heavy imetals iand iinorganic ispecies 

Several iindustries idischarge iheavy imetals, iit ican ibe iseen ithat iof iall iof ithe iheavy imetals, ichromium iis 

ithe imost iwidely iused iand idischarged ito ithe ienvironment ifrom idifferent isources. iMany iof ithe ipollutants 

ientering iaquatic iecosystems i(e.g., imercury ilead, ipesticides, iand iherbicides) iare ivery itoxic ito iliving iorganisms. 

iThey ican ilower ireproductive isuccess, iprevent iproper igrowth iand idevelopment, iand ieven icause ideath. 

iHowever, ichromium iis inot ithe imetal ithat iis imost idangerous ito iliving iorganisms. iSuch imore itoxic iare 

icadmium, ilead iand imercury. iThese ihave ia itremendous iaffinity ifor isulphur iand idisrupt ienzyme ifunction iby 

iforming ibonds iwith isulphur igroups iin ienzymes. iProtein icarboxylic iacid i(-CO2H) iand iamino i(-NH2) igroups iare 

ialso ichemically ibound iby iheavy imetals. iCadmium, icopper, ilead iand imercury iions ibind ito icell imembranes, 

ihindering itransport iprocesses ithrough ithe icell iwall. iHeavy imetals imay ialso iprecipitate iphosphate ibio-

compounds ior icatalyze itheir idecomposition. iHeavy imetals ifound iin imajor iindustries ishown iin iTable i3.3. 

 

 

Table i3.3: iHeavy imetals ifound iin imajor iindustries i(Bond i& iStraub, i1974) 

 

The ipollutant icadmium iin iwater imay iarise ifrom iindustrial idischarges iand imining iwastes. iCadmium iis iwidely 

iused iin imetal iplating. iChemically, icadmium iis ivery isimilar ito izinc, iand ithese itwo imetals ifrequently iundergo 

igeochemical iprocesses itogether. iBoth imetals iare ifound iin iwater iin ithe i+2 ioxidation istate. iThe ieffects iof iacute 

icadmium ipoisoning iin ihumans iare ivery iserious. iAmong ithem iare ihigh iblood ipressure, ikidney idamage, 

idestruction iof itesticular itissue, iand idestruction iof ired iblood icells. iCadmium imay ireplace izinc iin isome 

ienzymes, ithereby ialtering ithe istereo-structure iof ithe ienzyme iand iimpairing iits icatalytic iactivity. iCadmium iand 

izinc iare icommon iwater iand isediment ipollutants iin iharbours isurrounded iby iindustrial ifacilities. iInorganic ilead 

iarising ifrom ia inumber iof iindustrial iand imining isources ioccurs iin iwater iin ithe i+2 ioxidation istate. iLead ifrom 

ileaded igasoline iused ito ibe ia imajor isource iof iatmospheric iand iterrestrial ilead, imuch iof iwhich ieventually ienters 

inatural iwater isystems. iAcute ilead ipoisoning iin ihumans icauses isevere idysfunction iin ithe ikidneys, ireproductive 

isystem, iliver, iand ithe ibrain iand inervous isystem. iMercury iis ifound ias ia itrace icomponent iof imany iminerals, 

iwith icontinental irocks icontaining ian iaverage iof iaround i80 ippb, ior islightly iless, iof ithis ielement. iCinnabar, ired 
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imercuric isulphide, iis ithe ichief icommercial imercury iore. iMetallic imercury iis iused ias ian ielectrode iin ithe 

ielectrolytic igeneration iof ichlorine igas, iin ilaboratory ivacuum iapparatuses iand iin iother iapplications. iOrganic 

imercury icompounds iused ito ibe iwidely iapplied ias ipesticides, iparticularly ifungicides. iMercury ienters ithe 

ienvironment ifrom ia ilarge inumber iof imiscellaneous isources irelated ito ihuman iuse iof ithe ielement. iThese 

iinclude idiscarded ilaboratory ichemicals, ibatteries, ibroken ithermometers, ilawn ifungicides, iamalgam itooth 

ifillings iand ipharmaceutical iproducts. iSewage ieffluent isometimes icontains iup ito i10 itimes ithe ilevel iof imercury 

ifound iin itypical inatural iwatersAmong ithe itoxicological ieffects iof imercury iwere ineurological idamage, 

iincluding iirritability, iparalysis, iblindness, iinsanity, ichromosome ibreakage iand ibirth idefects. 

 

3.2 iParameters iof iwastewater isignificance iin imembrane 

The iquality iof iwaste iwater iis iof iparticular iimportance iin izones iwhere iextremes iof itemperature iand ilow 

irelative ihumidity iresult iin ihigh irates iof ievaporation, iwith iconsequent ideposition iof isalt iwhich itends ito 

iaccumulate iin ithe isoil iprofile. iThe iphysical iand imechanical iproperties iof ithe isoil, isuch ias idispersion iof 

iparticles, istability iof iaggregates, isoil istructure iand ipermeability, iare ivery isensitive ito ithe itype iof iexchangeable 

iions ipresent iin iirrigation iwater. iThus, iwhen ieffluent iuse iis ibeing iplanned, iseveral ifactors irelated ito isoil 

iproperties imust ibe itaken iinto iconsideration. i 

Another iaspect ipollutants ifrom iagricultural isources iconcern iis ithe ieffect iof idissolved isolids i(TDS) iin ithe 

iirrigation iwater ion ithe igrowth iof iplants. iDissolved isalts iincrease ithe iosmotic ipotential iof isoil iwater iand ian 

iincrease iin iosmotic ipressure iof ithe isoil isolution iincreases ithe iamount iof ienergy iwhich iplants imust iexpend ito 

itake iup iwater ifrom ithe isoil. iAs ia iresult, irespiration iis iincreased iand ithe igrowth iand iyield iof imost iplants 

idecline iprogressively ias iosmotic ipressure iincreases. iAlthough imost iplants irespond ito isalinity ias ia ifunction iof 

ithe itotal iosmotic ipotential iof isoil iwater, isome iplants iare isusceptible ito ispecific iion itoxicity. i 

Many iof ithe iions iwhich iare iharmless ior ieven ibeneficial iat irelatively ilow iconcentrations imay ibecome itoxic ito 

iplants iat ihigh iconcentration, ieither ithrough idirect iinterference iwith imetabolic iprocesses ior ithrough iindirect 

ieffects ion iother inutrients, iwhich imight ibe irendered iinaccessible. iIt ihas ibeen ipreviously ireported ithat inon-

polluted isoil, ihaving iaround i0.4 iand i0.5 ippm icadmium, imay iproduce iabout i0.08 ippm iCd iin ibrown irice, iwhile 

ionly ia ilittle iincrease iup ito i0.82, i1.25 ior i2.1 ippm iof isoil iCd ihas ithe ipotential ito iproduce iheavily ipolluted ibrown 

irice iwith i1.0 ippm iCd. iImportant iagricultural iwater iquality iparameters iinclude ia inumber iof ispecific iproperties 

iof iwater ithat iare irelevant iin irelation ito ithe iyield iand iquality icrops, imaintenance iof isoil iproductivity iand 

iprotection iof ithe ienvironment. iThese iparameters imainly iconsist iof icertain iphysical iand ichemical 

icharacteristics iof ithe iwaste iwater. iDescribed iin iTable i3.4 ipresents ia ilist iof isome iof ithe iimportant iphysical iand 

ichemical icharacteristics ithat iare iused iin ithe ievaluation iof iagricultural iwater iquality. iThe iprimary iwastewater 

iquality iparameters iof iimportance ifrom ian iagricultural iviewpoint iare: i 
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Table i3.4 iParameters iused iin ithe ievaluation iof iagricultural iwater iquality 

Total iSalt iConcentration i 

Total isalt iconcentration i(for iall ipractical ipurposes, ithe itotal idissolved isolids) iis ione iof ithe imost 

iimportant iwaste iwater iquality iparameters. Total salt content is a measure of the presence of mainly 

sulfide salts with associated aluminium, magnesium, sodium, calcium and potassium cations or, more 

generally, any soluble anion or cation of the leaching solution. iThis iis ibecause ithe isalinity iof ithe isoil 

iwater iis irelated ito, iand ioften idetermined iby, ithe isalinity iof ithe iirrigation iwater. iTotal isalt 

iconcentration iis iexpressed iin imilligrams iper ilitre i(mg/l) ior iparts iper imillion i(ppm). i 
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Electrical iConductivity i 

Electrical iconductivity iis iwidely iused ito iindicate ithe itotal iionized iconstituents iof iwater. iIt iis idirectly 

irelated ito ithe isum iof ithe ications i(or ianions), ias idetermined ichemically iand iis iclosely icorrelated, iin 

igeneral, iwith ithe itotal isalt iconcentration. iElectrical iconductivity iis ia irapid iand ireasonably iprecise 

idetermination iand ivalues iare ialways iexpressed iat ia istandard itemperature iof i25°C ito ienable 

icomparison iof ireadings itaken iunder ivarying iclimatic iconditions. iIt ishould ibe inoted ithat ithe ielectrical 

iconductivity iof isolutions iincreases iapproximately i2 ipercent iper i°C iincrease iin itemperature.The iunit 

iof ielectrical iconductivity iis ideciSiemen iper imetre i(dS/m). i 

Sodium iAdsorption iRatio i 

Sodium iis ian iunique ication ibecause iof iits ieffect ion iwastewater. iWhen ipresent iin ithe isoil iin 

iexchangeable iform, iit icauses iadverse iphysico-chemical ichanges iin ithe isoil, iparticularly ito isoil 

istructure. iIt ihas ithe iability ito idisperse isoil, iwhen ipresent iabove ia icertain ithreshold ivalue, irelative ito 

ithe iconcentration iof itotal idissolved isalts. i 

Toxic iIons i 

Irrigation iwater ithat icontains icertain iions iat iconcentrations iabove ithreshold ivalues ican icause iplant 

itoxicity iproblems. iToxicity inormally iresults iin iimpaired igrowth, ireduced iyield, ichanges iin ithe 

imorphology iof ithe iplant iand ieven iits ideath. iThe idegree iof idamage idepends ion ithe icrop, iits istage iof 

igrowth, ithe iconcentration iof ithe itoxic iion, iclimate iand isoil iconditions. iThe imost icommon iphytotoxic 

iions ithat imay ibe ipresent iin imunicipal isewage iand itreated ieffluents iin iconcentrations isuch ias ito icause 

itoxicity iare: iboron i(B), ichloride i(Cl) iand isodium i(Na). iHence, ithe iconcentration iof ithese iions iwill 

ihave ito ibe idetermined ito iassess ithe isuitability iof iwaste-water iquality ifor iuse iin iagriculture. i 

Trace iElements iand iHeavy iMetals i 

A inumber iof ielements iare inormally ipresent iin irelatively ilow iconcentrations, iusually iless ithan ia ifew 

img/l, iin iconventional iirrigation iwaters iand iare icalled itrace ielements. iThey iare inot inormally iincluded 

iin iroutine ianalysis iof iregular iirrigation iwater, ibut iattention ishould ibe ipaid ito ithem iwhen iusing isewage 

ieffluents, iparticularly iif icontamination iwith iindustrial iwastewater idischarges iis isuspected. iThese 

iinclude iAluminium i(A1), iBeryllium i(Be), iCobalt i(Co), iFluoride i(F), iIron i(Fe), iLithium i(Li), 

iManganese i(Mn), iMolybdenum i(Mo), iSelenium i(Se), iTin i(Sn), iTitanium i(Ti), iTungsten i(W) iand 

iVanadium i(V). iHeavy imetals iare ia ispecial igroup iof itrace ielements iwhich ihave ibeen ishown ito icreate 
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idefinite ihealth ihazards iwhen itaken iup iby iplants. iUnder ithis igroup iare iincluded, iArsenic i(As), 

iCadmium i(Cd), iChromium i(Cr), iCopper i(Cu), iLead i(Pb), iMercury i(Hg) iand iZinc i(Zn). iThese iare 

icalled iheavy imetals ibecause iin itheir imetallic iform, itheir idensities iare igreater ithan i4g/cc. i 

pH i 

pH iis ian iindicator iof ithe iacidity ior ibasicity iof iwater ibut iis iseldom ia iproblem iby iitself. iThe inormal ipH 

irange ifor iirrigation iwater iis ifrom i6.5 ito i8.4; ipH ivalues ioutside ithis irange iare ia igood iwarning ithat ithe 

iwater iis iabnormal iin iquality. iNormally, ipH iis ia iroutine imeasurement iin iirrigation iwater iquality 

iassessment. i 

3.3 Conventional iwater itreatment 

The iprincipal iobjective iof iwastewater itreatment iis igenerally ito iallow ihuman iand iindustrial 

ieffluents ito ibe idisposed iof iwithout idanger ito ihuman ihealth ior iunacceptable idamage ito ithe inatural 

ienvironment. iIrrigation iwith iwastewater iis iboth idisposal iand iutilization iand iindeed iis ian ieffective 

iform iof iwastewater idisposal i(as iin islow-rate iland itreatment). iHowever, isome idegree iof itreatment 

imust inormally ibe iprovided ito iraw imunicipal iwastewater ibefore iit ican ibe iused ifor iagricultural ior 

ilandscape iirrigation ior ifor iaquaculture. iThe iquality iof itreated ieffluent iused iin iagriculture ihas ia igreat 

iinfluence ion ithe ioperation iand iperformance iof ithe iwastewater-soil-plant ior iaquaculture isystem. iIn ithe 

icase iof iirrigation, ithe irequired iquality iof ieffluent iwill idepend ion ithe icrop ior icrops ito ibe iirrigated, ithe 

isoil iconditions iand ithe isystem iof ieffluent idistribution iadopted. iThrough icrop irestriction iand iselection 

iof iirrigation isystems iwhich iminimize ihealth irisk, ithe idegree iof ipre-application iwastewater itreatment 

ican ibe ireduced. iA isimilar iapproach iis inot ifeasible iin iaquaculture isystems iand imore ireliance iwill ihave 

ito ibe iplaced ion icontrol ithrough iwastewater itreatment. i 

The imost iappropriate iwastewater itreatment ito ibe iapplied ibefore ieffluent iuse iin iagriculture iis ithat 

iwhich iwill iproduce ian ieffluent imeeting ithe irecommended imicrobiological iand ichemical iquality 

iguidelines iboth iat ilow icost iand iwith iminimal ioperational iand imaintenance irequirements. iAdopting ias 

ilow ia ilevel iof itreatment ias ipossible iis iespecially idesirable iin ideveloping icountries, inot ionly ifrom ithe 

ipoint iof iview iof icost ibut ialso iin iacknowledgement iof ithe idifficulty iof ioperating icomplex isystems 

ireliably. iIn imany ilocations iit iwill ibe ibetter ito idesign ithe ireuse isystem ito iaccept ia ilow-grade iof 

ieffluent irather ithan ito irely ion iadvanced itreatment iprocesses iproducing ia ireclaimed ieffluent iwhich 

icontinuously imeets ia istringent iquality istandard. i 
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Conventional iwastewater itreatment iconsists iof ia icombination iof iphysical, ichemical, iand ibiological 

iprocesses iand ioperations ito iremove isolids, iorganic imatter iand, isometimes, inutrients ifrom 

iwastewater. iGeneral iterms iused ito idescribe idifferent idegrees iof itreatment, iin iorder iof iincreasing 

itreatment ilevel, iare ipreliminary, iprimary, isecondary, iand itertiary iand/or iadvanced iwastewater 

itreatment. iIn isome icountries, idisinfection ito iremove ipathogens isometimes ifollows ithe ilast itreatment 

istep. iA igeneralized iwastewater itreatment idiagram iis ishown iin iFigure i3.2 

 i

 

 

Fig i3.2Generalized iflow idiagram ifor imunicipal iwastewater itreatment 

 

Apart ifrom ithat ithe imost icommon iwastewater itreatment iprocesses iare igiven ibelow. i 

✓ Preliminary itreatment 

✓ Primary itreatment 

✓ Secondary itreatment 

✓ Tertiary iand/or iadvanced itreatment 

✓ Disinfection 

✓ Effluent istorage 
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But ifor ia ireliability iof iconventional iand iadvanced iwastewater itreatment imembrane ibased iseparation iis 

iemerging ias ia inew itechnologies ifor iremoving imost iof ithe icontaminants iaccording ito ithe isize iexclusion 

iprincipal. iThe imembrane iseparation itechnologies iand iprocesses iis idescribed ibelow. 

 

3.4 i Membrane iBased iwater itreatment 

In iwater itreatment, imembranes iare ibarriers ithat iallow iwater ito ipass ithrough ibut istop iunwanted 

isubstances ifrom ipassing ithrough iwith iit. iWorking imuch ilike ithe icell iwalls iin iour ibodies, itechnical imembranes 

ifilter iout isalts, iimpurities, iviruses, iand iother iparticles ifrom iwater. 

 

A imembrane iprocess iis iany imethod ithat irelies ion ia imembrane ibarrier ito ifilter ior iremove iparticles ifrom iwater. 

iFluid iis ipassed ithrough ithe imembrane ibecause iof ithe ipressure idifference ibetween ione iside iof ithe imembrane 

iand ithe iother. iContaminants iremain ion ione iside. iAlthough imany itypes iof ifiltering imedia iare iused ifor iwater 

itreatment i— ifor iinstance, iclay, isilt, iand isand i— ione iof ithe iproperties ithat idistinguishes imembranes iis itheir 

iability ito iseparate ismaller isubstances isuch ias isalts iand iions ifrom ia iliquid.Membranes iwere ifirst iapplied ito 

iwater itreatment iprocesses iin ithe i1960s, ibut iin ithe inext idecade, ithey ibecame iincreasingly iused ifor idesalination. 

i 

3.5 Renewable ienergy idriven iwater itreatment 

Sustainable ienergy iis ithe ikey isolution ifor iaddressing imajor iconcerns iabout ithe ifuture isuch ias iclimate ichange, 

ienvironmental iprotection, iand ibalanced igrowth iof ithe ieconomy iand isociety. iThe ipast itwo idecades ihave 

iwitnessed iadvancement iin ieconomic idevelopment iin imany inations. iHowever, ithe irapid ieconomic igrowth, 

iindustrial iadvancement, ienergy ishortage, ideterioration iof ithe ienvironment iand iincreasing idemands iof 

igrowing ipopulations ipose ia ihuge ithreat ifor ifuture igenerations. iFor imany iyears, ieconomic idevelopment ihas 

ibeen ithe ikey ifocus iof imany ipolicy imakers iin isustainable idevelopment iuntil ithe iinception iof ithe iKyoto 

iprotocol iagreement iin i1997, iwhich iincludes ienvironmental iquality ias ia icrucial ivariable ifor isustainable 

idevelopment. iWith iglobal ienergy iconsumption iand ielectricity idemands iexpected ito idouble iin ithe inext itwenty-

five iyears, imajor iopportunities ifor iinnovation iin ihow ienergy iis iproduced, istored, itransmitted iand iused ihave 

ibegun ito iopen iup. iIn iparticular, ithere iis ia ihuge iinterest iin isustainable ienergy itechnologies icapable iof 

iimproving iefficiency iand ireducing ithe iglobal icarbon ifootprint i. iThe idevelopment iof isustainable ienergy iis, 

ihowever, irestricted iby ivarious ifactors, isuch ias ithe iavailability iof inatural iresources idue ito iregional idifferences, 

isensitivity ito ithe ienvironmental iimpacts iof ifossil-fuel ibased ienergy, iincreasing iwater iscarcity, iand idiffering 

ieconomic ipolicies. iDevelopment iof ian iapproach ito isustainable ienergy ithat iaddresses ienvironmental iconcerns, 

igreenhouse igas iemission, icost, iavailability iof iresources, iand isocial iimpact iis ia ihuge ichallenge. iThe ikey ifocus 

ifor iattaining ienergy isustainability iis ito ireduce iand islowly ireplace ipower igeneration iby ifossil ifuels iwith 

irenewable ienergy isources. iThough isome iaspects iof ithis isustainable iapproach iare ibeing iadopted, ithere iare 

iothers iyet ito ibe itranslated iat ia icommercial iscale. iFor iinstance, imajor iconcerns iabout icarbon idioxide i(CO2) 

iemissions iin itraditional ifossil ifuel-based ipower igeneration ihas ipaved ithe iway ifor iseveral isustainable ienergy 

isources isuch ias iwind iand isolar, ialong iwith iCO2 icapture iand isequestration itechnologies. iApart ifrom ithis, ithere 

iis ia igrowing irecognition iof itechnologies isuch ias icogeneration iplants, iwhere ia icombination iof itechniques 
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icontributes ito ireduced iwater idemand iwhile igenerating ienergy, iresulting iin ieffective iwater iuse ito imeet ithe 

idemand. iWater iand ienergy iare ithe itwo ikey iaspects ifor isustainable idevelopment ifor ithe ifuture. iThere iis ia 

isignificant iamount iof iresearch iand idevelopment iwork igoing ion iin ithe imembrane isector, iemphasizing ithe 

iutilization iof irenewable ienergy iin iconjunction iwith imembrane itechnology, ialthough ithe iefficiency iof ithe 

iprocess iis istill ia ihigh ipriority. iRecently, imembrane itechnologies ihave istarted ito iplay ia ipivotal irole iin 

ideveloping ithe iinfrastructure ifor isustainable ienergy, iespecially, iin ithe iwater iand ienergy isector. iSome iof ithe 

imembrane-based iapproaches ithat iare icurrently iadapted iat ian iindustrial iscale iinclude idesalination iby ireverse 

iosmosis i(RO), imembrane-based ibioreactors i(MBR) ifor ipure iwater igeneration, ilithium-ion ibatteries, iand 

imembrane-based ifuel icells iand iCO2 icapture. 

Besides iaddressing ithe iconcerns irelated ito ienergy idemands iand iwater iscarcity, imembrane itechnologies imeet 

ithe icriteria ifor isustainability iin iterms iof ifeasibility, iflexibility iand iadaptability. iHowever, ithey istill ineed ito 

iimprove icosts iand iaffordability, iwhich iis iachieved iby iadvancement iin imembrane-based itechnologies. i 

 

3.6 Role iof iMembrane iTechnology iin iSustainable iWater iGeneration 

Membrane-based iapproaches ifor ithe igeneration iof ipotable iwater imainly irely ion idesalination iand iwaste iwater 

itreatment iprocesses. iThe imajority iof ithe iglobal ireserves iof iwater iis isaline iand ionly i2.5% iis iavailable ias ifresh 

iwater. iMoreover, ionly i0.007% iof ithe itotal iavailable istock iis idirectly iaccessible ifor ihuman iuse, ias ia imajor 

iportion iof ithe ifresh iwater istock iis ieither ifrozen iin ipolar iregions ior idifficult ito iaccess ias iremote iaquifer. iOf ithis 

imeagre iportion iof ithe itotal iavailable ifresh iwater istock, isome iis ipolluted iby iindustrial iplants, imining, ioil ior igas 

iexploration, iuse iof ifertilizers iand ipesticide iresidue ifrom iagriculture. iAlso, iuneven idistribution iof ithe iavailable 

iwater istocks ipushes icertain iregions iof ithe iworld ito isevere iwater iscarcity. iHence, idesalination iand iwater 

ireclamation iis iof iutmost iimportance ifor isecuring ilocalized iwater ireserves ifor imany iarid iregions iand ito imeet 

ithe ineeds iof iour igrowing ipopulation. 

With iincreasing idemand ifor ifresh iwater, ivarious itechniques ihave ibeen ideveloped iin ithe ipast idecades iincluding 

ivacuum idistillation, imulti-stage iflash idistillation i(MSF), imultiple-effect idistillation i(MED), iand iother 

imembrane-based itechnologies, isuch ias ireverse iosmosis i(RO), imembrane idistillation i(MD), ietc., ifor isea iwater 

idesalination. iAmong ithese itechnologies, imembrane-based itechniques isuch ias iRO, iMD, iand iforward iosmosis 

iare iseen ias iattractive ialternatives idue ito itheir ilow ienergy iconsumption, ilower icapital irequirements ias iwell ias 

iless imaintenance iand ilower ioperating icosts. i 

The iuse iof isolar icollectors iis ianother iattractive iway ito iutilize ithe isolar ienergy ias ia iheat isource iin iMD. iThe 

isolar icollectors ican isupply ithe ienergy iin ithe iform iof iheat i(solar ithermal) ior ielectrical ienergy i(solar 

iphotovoltaic). iSolar icollector idevices iare iused ito iabsorb isolar ienergy iand ithen itransfer ithe ienergy iinto ia 

icollection imedia. iCommon isolar icollectors iinclude ithe iflat-plate icollector i(FPC), ievacuated itube icollector 

i(ETC), icompound iparabolic icollectors i(CPC), iparabolic itrough i(PTC), ilinear iFresnel i(LFC), iparabolic idish 

ireflector i(PDR), icentral ireceiver icollector i(CRC), iand ithe isolar ipond, iwhich ican ibe icategorized iaccording ito 

ithe itemperature ilevel ithat ithe icollection imedium ican ireach. iLow itemperature icollectors i(FPC ior iimproved 
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iFPC, iETC) ioperate ibelow i80 iC, iwhich imay inot ihave iapplication ito iconventional idistillation isystems, ibut iare 

ihighly iuseful ifor iMD iapplications.  

The iconcentrated ihigh isolar ienergy iis iable ito igenerate ihigh itemperature igradients iand ican ibe iutilized ieither 

idirectly iin ithermal idesalination iprocess ior iapplied ito iproduce ielectricity iusing ia isteam iturbine. iBy iincreasing 

ithe isize iof ithe ihigh itemperature icollector iand iby iimplementing ithe isun itracking idevice, ithe iefficiency ican ibe 

ienhanced isufficiently ito isupply ithe iheat ifor ilarge-scale ithermal idesalination iprocesses. iOn ithe iother ihand, ithe 

ilow iand imedium itemperature icollectors imay inot ibe isuitable ifor ioperating ithe iconventional idistillation 

iprocess, ibut iare ihighly iappropriate ifor iMD idesalination ithat irequires ia irelatively ilower itemperature igradient 

ifor iwater ivapor igeneration. iA ischematic iof ia isolar iheating-assisted iMD idesalination isystem iis ipresented iin 

iFigure i3.3. 

 

 

Fig i3.3 iSchematic iof isolar iheating iassisted imembrane idistillation i(MD) idesalination 

Another iinteresting iway ito iconvert isolar ienergy iis ithe iuse iof iphotovoltaic i(PVc) icells, iwhich iconvert iit iinto 

ielectrical ienergy iby itransferring ithe ielectrons. iThe iPVc icell iis ithe ikey icomponent iin iPVc iapplications iand iis 

iconsidered ias ia idirect icurrent ipower igenerator. iThe iPVc icells ican ibe icategorized ias ifirst igeneration, iwhich 

iincludes icrystalline isilicon i(c-Si) itechnologies, isecond igeneration, iwhich iincludes iamorphous isilicon ithin-

film i(TF) itechnologies, iand ithe inano-PVc itechnologies ias ithird igeneration. iThe ithin ifilm iPVc itechnology iis 

igrowing ivery ifast idue ito iits ihigh iefficiency iand ilower icost. iHowever, ithe ilack iof iavailability iof ithe iPVc 

imaterials iand iits iinitial iinvestment icosts ihinder iits iimplementation iand ifurther idevelopment iin iMD isystems. 

iSeveral isolar ipower istations ihave ibeen ibuilt ithroughout ithe iworld ito isupply isustainable iheat ienergy ito 

idesalination iindustries iand ilocal iregions ifor idomestic iusage. 
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Coupling isolar ienergy icollector iwith ian iMD isystem ihas ishown igreat ipotential iin irecovering ipure iwater iand 

iwaste iwater iconcentration ias iMD ican ioperate iat ilow itemperatures, ias iwell ias ihaving ithe icapability iof ibearing 

iwide ivariation iin ioperating iparameters. iHogan iet ial. ifrom ithe iUniversity iof iNew iSouth iWales, ifirst ipublished 

itheir iwork iwith ia ihollow ifiber imembrane iMD isystem iof i0.05 im3/day icapacity iusing ia i3 im2 iflat iplate isolar 

icollector i. iThe iresults irevealed ithat ithe isystem irequired i55.6 ikWh/m3 iof itotal ienergy, iand igenerated ia iwater 

ivapor iflux iof i17 iL/day_m2 iof icollector iarea, iwhich iis ihighly icomparable ito ithat ireported ifor isolar imulti-stage 

iflash idistillation iand imultiple-effect idistillation. iCabassud iet ial. iproposed ifour idifferent ipossible iways iof 

icoupling isolar ienergy iwith iMD isystems: i(1) ifeed isolution iwas isupplied iby ia isalinity igradient isolar ipond 

i(SGSP); i(2) ithe iMD imodule iwas iimmersed idirectly iin ithe iSGSP; i(3) isolar icollectors iwere iused ito iheat ithe 

ifeed isolution; iand i(4) isolar icollectors iwere iplaced idirectly ion ithe imembrane ito iheat ithe ifeed. iThe ischematic iof 

ithe iproposed iconfigurations iis ishown iin iFigure i3.4. iThe iresults ishowed ithat ithe imodules iwith isolar icollectors 

igenerated ihigher iwater iflux icompared ito ithose iwith isolar iponds. 

 

 

 

Figure i3.4 iFour iconfigurations icoupling iMD iand isolar ienergy: i(a) ifeed iwater isupplied iby ia iSGSP; i(b) 

imodule isubmerged idirectly iin ia iSGSP; i(c) ifeed iwater ifed iby isolar icollectors; i(d) ifeed iwater iheated idirectly 

ion ithe imembrane isurface. 

3.7 Other iMembrane iProcesses 

 

Nowadays, ithe imembrane iprocesses iused iin ivarious idesalination itechnologies iare itaking ia ileading 

irole, iespecially iRO iwhich iholds ithe imajority iof ithe iworld’s imarket ishare i(60–90%). iAmong iother ithermal 

ievaporative iprocesses, iMED iand iMSF itechnology istill ilead ithe idesalination iprocess iin iGulf icountries. 
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iHowever ithe ilimitations iof ithe iRO iprocess iand iother ithermal ievaporative iprocesses ihave ipaved ithe iway ifor 

iother iemerging imembrane-based iprocesses ifor idesalination isuch ias ipressure-retarded iRO i(PRO), iforward 

iosmosis i(FO), imembrane icapacitive ideionization i(MCDI), ielectrodialysis i(ED), inanofiltration i(NF), 

ipervaporation, ietc. iRecently, iforward iosmosis i(FO) ihas ireceived iincreased iattention ias ian iemerging 

ipurification itechnique iand iit ihas ibeen iinvestigated ithoroughly ifor idesalination iin iboth ithe iacademic iarena iand 

industrial isectors idecade. iThe itechnology iwas iinitially iproposed ito ibe ia ibreakthrough iin iterms iof ilower ipower 

iconsumption iand ihigher iwater irecovery, ihowever, ichallenges iassociated iwith imembrane iback isalt idiffusion, 

idraw isolution irecovery, iand imembrane iregeneration ilimit iits ienergy iefficiency iand ifeasibility ifor idesalination. 

iMajor idisadvantages iof ithe iFO iprocess iare ithe iper iunit icost ifor iproduction iof ifreshwater ifor ithe iamount iof 

iwater itreated, iand ithe ieffect iof iconcentration ipolarization ion ieither iside iof iFO imembranes, iwhich iin iturn 

iaffects itransmembrane iosmotic ipressure, iresulting iin ireduced iflux iand iwater irecovery. iThese ifactors 

isignificantly iimpact ithe ioperating icost iof iFO iprocesses. iAlternatively, iPRO iis ia imethod iof iproducing 

irenewable ienergy ifrom ia imixture iof itwo istreams iwith ivarying isalinity, iwhere isurface iwater iand iseawater iare 

iseparated iby ia isemi-permeable imembrane i. iPermeate ifrom ithe idiluted ifeed istream imigrates ito ithe 

iconcentrated idraw istream iunder ipressure ivia iosmosis. iA iunique ifeature iof ithe iPRO iprocess iis ithat iit ifacilitates 

ithe iconversion iof iosmotic ipressure idifference ibetween ithe iseparated isolutions ito ihydraulic ipressure, iwhich iis 

iin iturn iutilized ifor igeneration iof ipower idriven iby ithe ihydro-turbines. iThis itechnique ican ibe icost ieffective iwith 

ioptimized imaintenance iof iosmotic ipressure. 

 

3.8 Hybrid iMembranes iProcess 

 

There iis igrowing iemphasis ion icombining itwo ior imore idesalination iprocesses ito iform ian iintegrated 

iapproach, iso ithat ithese iprocesses icomplement ieach iother iby idiluting ithe idisadvantages iof ia isingle iprocess iby 

iitself. iThese icombined iprocesses iare iwin-win ias ithe iefficacy iof ithese iprocesses iare ihigher ithan ian iindividual 

istand-alone iapproach. iThis isolution iovercomes ithe ibarriers iof ithe iindividual iprocess iand iincreases ioverall 

iperformance iby iintegrating ithe iprocesses. iFor iinstance, iin ia iFO-RO ihybrid imode, iFO iacts ias ia ipretreatment 

iprocess ireducing ithe ifeed isalt iconcentration, iwhich iupon iintroduction ito ithe iRO iprocess irequires ilower 

ihydraulic ipressure iand ireduces ifouling i. iThe ieconomic ievaluation iof ithe iFO-RO ihybrid isystem, icarried iout iby 

iBlandin iet ial. ihas ishown ithe ibenefit iof ithe ihybrid iprocess iover ia istand-alone iRO isystem iin iterms iof ienergy 

iand ioperational icosts. iIn ithe ihybrid iFO-RO iprocess, ithe iFO ican ieffectively ifunction ias ia ipre-treatment ifor ithe 

iRO iprocess ithat ireduces ithe imembrane iscaling iand ifouling iin ithe iRO iprocess, iand ion ithe iother ihand, ithe iRO 

ican ibe iefficiently iutilized ito irecover ithe idraw isolution. iOverall, ithe ihybrid isystems iresult iin ienhanced 

imembrane iperformance, ireduced ienergy irequirements, iand iincreased iproductivity iin icomparison ito iindividual 

istand-alone iprocesses i. iThe ihybrid iFO-RO iprocess istill irequires isignificant idevelopment ibefore ireaching iits 

ifull icommercial ipotential. iThis isystem inot ionly ioffers ienhanced iwater irecovery, ibut ialso ireduces ithe idisposal 

iissue iof iconcentrated ibrine. iResearch idata ishowed ithat ithe iintegration iof ivacuum-enhanced idirect icontact 

imembrane idistillation i(VEDCMD) ihas iachieved iwater irecoveries iup ito i81% ifrom ithe ibrines, ihowever, iit 
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isuffers ifrom iscaling ion imembranes. iRecently, iNano ifiltration i(NF) ihas ibecome ihighly iimportant ias ian 

iintegrated iprocess ifor icommercial idesalination iindustries. iNF iof iaqueous iand iorganic isolutions ihas ibeen iused 

icommercially ifor iquite isome itime. i 

The icombination iof iNF iwith iother imembrane iseparation iprocesses iwas iobserved ito ibe ibeneficial iin iterms iof 

ioverall irecovery iand ienergy irequirements. iA irecent istudy iwith inanofiltration i(NF) imembranes ias ia ipre-

treatment iwith iMED iwas iconducted iby ithe iSalineWater iDesalination iResearch iInstitute i(SWDRI) iof iSWCC 

iand itheWater iRe-use iPromotion iCenter i(WRPC) iof iJapan itogether iwith iSasakura iEngineering iCo. iLtd. 

ishowed ipromising iresults iin iincreasing ithe itop ibrine itemperature i(TBT) ifrom i65 iC iup ito i125 iC. iThe 

idevelopment iof itwo istage iNF-NF idesalination isystems iwas iobserved ito ibe imore ieffective ithan ia iconventional 

isingle istage iRO isystem iin iremoving imono iand ibivalent iions ifrom iseawater, ias iwell ias i20–30% ilower ienergy 

icosts. 

Although ithe iresearch ihas ishown ipromising ioutcomes ifrom ithe iimplementation iof ihybrid imembrane 

isystems iin idesalination iand iwater itreatment iindustries, ithe iintegrated isystems ineed ito ibe ievaluated 

ifurther ito iovercome itheir idrawbacks. iMore istudies iare irequired ito ievaluate ithe ioverall ienergy 

iconsumption iof ithe ihybrid iprocess ias iincrease iin ienergy iconsumption ifor ia iparticular ipart imay 

iinfluence ithe ienergy iconsumption iof ithe ifollowing iprocess. iThe ieconomic ianalysis iof ithe imixed 

isystems iis ione iof ithe imost iimportant iand icrucial ifactors ifor idetermining ithe iprocess iviability, iand 

ivery ilittle iinformation iis iavailable iin ithis icontext. 

 

It iis iconcluded ithat ibenchmarking imethods imust ibe ichosen idepending ion ithe ipurpose iand iextent iof 

ithe ianalysis iand ireduction iof ienergy icost iof ia icomplete isystem. iVarious ibenchmarking imethods 

iapplied iso ifar iare imainly idiagnostic itools ithat ifail iat iprescribing iany iimprovement istrategy ito imake 

iinefficient iWWTPs iefficient. iSuch istrategies imust ibe istudied iand iimplemented iby imanagers ithrough 

ia ibetter iunderstanding iof ithe iplant ioperations. iMembrane ibased itreatment iusing isolar ienergy ihas 

ievolved ias ia isolution ito isolve ithis iproblem iand iin ithe ifollowing ichapter i4 iit ihas ibeen idescribed 

iin idetails. 
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1 Introduction

Environmental disturbances arising from anthropogenic factors have necessitated calls for

cleaner production of water and energy in recent times. Human activities have caused

imbalances in carbon replenishment and emission of greenhouse gases, thereby leading to the

deviations of nature from its state of carbon neutrality and stability (Walther et al., 2002). These

imbalances are facilitated by humans’ continued dependence on fossil fuels which invariably

result in climate change (Whitmarsh et al., 2011;Wiedmann andMinx, 2008). Also, reserves of

fossil fuels in geological formations are being depleted at an alarming rate and unconventional

reservoirs are still being sourced worldwide. The unrestricted exploitation of crude oil and

depletion of oil and gas resources pose significant threats to the environment and sustainability

of mankind (Giwa et al., 2016a; Hughes and Rudolph, 2011). To address these threats,

renewable and sustainable energy is needed to substitute fossil-based energy and reduce the

release of hazardous emissions to the environment (Milano et al., 2016). Recently, thermal

energy/electricity production from solar and wind-powered systems has been intensified in

many places in the world. The global market share of solar and wind-based electricity has

increased tremendously over the past few years and it is expected that the upward trend would

be maintained (Pazheri et al., 2014; Kumar et al., 2016).

Energy is needed to produce fresh water; thus water-energy nexus is a crucial area of interest

when considering the impact of fresh water production on sustainability (Giwa et al., 2017). A

lot of fossil-based energy is consumed for water production worldwide, leading to considerable

environmental impacts. As a result, schemes that can produce vast amounts of energy in a

sustainable manner and ensure simultaneous production of fresh water are the most sought-after
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systems (Manju and Sagar, 2017; Rakib et al., 2017). Such systems should be able to guarantee

environmental and economic sustainability. Solar and wind energy are viable sources of

sustainable energy because these sources are available everywhere in the world (Delucchi and

Jacobson, 2011). Also, membrane desalination has been presented as a viable approach for

fresh water production because of its numerous advantages over other methods, such as high

quality of product water, lower energy consumption when compared to thermal approaches,

and lower footprints (Koros, 2004; Alobaidani et al., 2008). The integration of solar and wind

energy with membrane desalination would, therefore, play a significant role in the production

of fresh water in the future.

Since 2004, within the frame of two European projects (SMADES and MEDIRAS), several

compact solar-powered desalination units have been installed in different countries including

Pozo Izquierdo and Tenerife (Gran Canaria), Alexandria (Egypt), Irbid (Jordan), Morocco, and

Freiburg (Germany). Recently, compact systems have been installed in Tunisia and Tenerife

and two more two loops systems have been installed in Gran Canaria and Pantelleria (Italy).

Five international water companies have been selected to construct and run pilot-scale

membrane desalination plants integrated with renewable energy in in Abu Dhabi, United Arab

Emirates (Todorova, 2014). The companies are: Spain’s Abengoa, France’s Degr�emont (Suez),

Veolia (Sidem) and Mascara, and the United States’ Trevi Systems. The objective of the plants

is to test the viability of the integrated systems to produce electricity for desalination in an

environmentally friendly manner, and as precursors for the construction of large-scale

desalination plants that would be run by renewable energy. Four of the five companies—

Abengoa, Degr�emont, Mascara, and Veolia—would test-run reverse osmosis (RO) pilot plants

integrated with renewable energy while Trevi Systems would test-run a renewable energy-

powered forward osmosis (FO) pilot plant. The pilot plants have a capacity of 1500 m3/day,

enough to supply fresh water to 500 homes. Therefore, in this chapter, the recent advances in the

integration of renewable energy with membrane desalination are presented. Solar and wind

energy-powered desalination systems form the bulk of the systems developed recently; hence

this chapter is focused mainly on these systems.

2 Solar Photovoltaic and Thermal Energy Integrated With Membrane
Operations

Of all renewable energy sources, solar energy has been usedmainly for membrane desalination.

The integration of solar energy with membrane desalination has been predominantly studied in

recent investigations and research articles (Ghaffour et al., 2014;Manju and Sagar, 2017; Gude,

2014). These research studies have focused mainly on membrane desalination techniques such

as RO, FO, electrodialysis (ED) and membrane distillation (MD) for seawater and brackish

water desalination. MD and RO technologies have been used primarily in recent solar
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energy-powered seawater desalination. Small-scale solar powered MD systems are

attractive for the production of fresh water in remote locations and rural areas where water

and electricity infrastructures are unavailable. The integration of solar energy with MD is

somehow a mature approach, as many studies have been carried out already in this area.

However, the cost of water produced from small-scale solar powered MD system is

comparatively higher than that produced from commercial RO systems because of the low

productivity and high capital cost. Meanwhile, research on cheap and durable MD modules

and solar collectors/photovoltaics (PV) panels will improve the economics of the solar

power-assisted MD operations (Qtaishat and Banat, 2013).

2.1 Membrane Distillation Processes Driven by Thermal Solar Energy

Direct contact membrane distillation (DCMD) is a thermally driven membrane process in

which the water vapor transfer is promoted by a vapor pressure difference between the two sides

of a microporous hydrophobic membrane generated by a temperature difference: the feed is

maintained at high temperature, while cold water is used as a stripping permeate. The mass

transfer in DCMD can be described as a three-phase sequence: (1) formation of a vapor gap at

the warm solution-interface; (2) transport of the vapor phase through membrane pores; (3) its

condensation at the cold side membrane-solution interface (Lawson and Lloyd, 1997).

A promising system for renewable energy desalination is a low-temperature DCMD driven by

thermal solar energy (Mathioulakis et al., 2007). This approach is well suited in arid regions

characterized by high availability of solar energy, salt water surplus and fresh water shortage.

A compact solar thermal MD unit, operating with untreated seawater, was installed in the south

of Jordan (Aqaba port) in 2006 (Banat et al., 2007). As illustrated in Fig. 1, the system had two

loops, namely solar loop and desalination loop. The solar loop was constituted by flat-plate

single-glassed collectors and a 3 m3 storage tank. The collectors were used to heat tap water

pumped from the storage tank by a circulating pump. The desalination loop, separated by a heat

exchanger from the solar loop, was constituted by spiral-wound polytetrafluoroethylene

(PTFE) membrane module with 0.2 μm pore diameters, 35 μm thickness, and 80% porosity.

The effective membrane area in each MD module was 10 m2 (Fig. 1). Seawater with a

conductivity of 55,000 μS/cm was successfully fed to the unit without any chemical

pretreatment. The output from the unit was in the range of 2–11 L/day m2 with specific energy

consumption in the range of 200–300 kWh/m3. The distillate was water of low total dissolved

solids (TDS) with a conductivity in the range of 20–250 μS/cm.

The estimated cost of potable water produced by the unit was 18 $/m3 (Banat and Jwaied,

2008). The authors highlighted that membrane lifetime and plant lifetime are key factors in

determining the water production cost. The cost decreases with increasing the membrane and/or

plant lifetime.
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An ideal renewable heat source for MD systems is the salt-gradient solar pond (SGSP), a body

of water that collects solar radiation and utilizes a salt gradient to store the collected solar

radiation as thermal energy (Ruskowitz et al., 2014).

Common SGSPs consist of three distinct layers: (1) an upper convective zone (UCZ),

consisting of the least saline water, located in the uppermost section of the solar pond; (2) a non-

convective zone (NCZ), consisting of an increasing saline solution located below the UCZ; (3)

a lower convective zone (LCZ), consisting of the most dense and saline solution, located below

the NCZ. As the LCZ collects solar radiation and rises in temperature, the high salinity solution

remains trapped below the NCZ due to its density. This salinity gradient allows the LCZ to

collect and store solar energy for long time.

A schematic representation of a DCMD/SGSP system is illustrated in Fig. 2. In this approach

seawater can be used as feed solution as well as a heat sink to maintain a low temperature in the

permeate side of the membrane system (Suárez and Urtubia, 2016).

An experimental study of fresh water production in a coupled DCMD/SGSP system has been

carried out recently to determine the fresh water production rates and the energetic

requirements of the different components of the system (Suárez et al., 2015). It was found

that the coupled DCMD/SGSP system treats approximately six times the water flow treated

by a similar system that consisted of an air–gap membrane distillation unit driven by a SGSP.

Fig. 1
Schematic diagram of the solar-powered membrane distillation unit installed

in Aqaba, Jordan (Banat et al., 2007).
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In terms of the energetic requirements, approximately 70% of the heat extracted from the SGSP

was utilized to drive thermal desalination and the rest was lost in different locations of the

system. By reducing the heat losses throughout the system, higher water fluxes would be

achieved. Therefore, further investigations on membrane properties, insulation of the system,

or optimal design of the solar pond still need to be addressed in the future to address these heat

losses.

Nakoa et al. (2015) investigated a DCMD/SGSP system by using a DCMD flat sheet membrane

module (0.1 m2) coupled to a 4.2-m-diameter, 1.85-m-deep solar pond located at the RMIT

Bundoora east campus (Australia). Operating the DCMD module in a laminar regime (Re

�500–2500), the water production was of 1.2 � 10�3 m3/day/m2 of solar pond when using a

1.3% of saline water as feed solution.

Tubular DCMD has also been integrated with solar power for fresh water production. Various

geometric and operating frameworks on the system performance have been studied for this

purpose (Elzahabyet al., 2016).The frameworks include the system temperature,water flowrate,

salt absorption rate, cooling temperature, and thediameter of the system layer. Theoverall results

indicated that productivity as well as the efficiency of the system can be increased by optimizing

these operating conditions, indicating good opportunities for future prospects in the field.

Incident
radiation

Reflected
radiation Heat losses

to the environment

UCZ: upper convective zone

NCZ: non-convective zone

LCZ: lower convective zone

Concentrate

Concentrate
for disposal

Membrane

Direct contact membrane
distillation module

Hot stream

Hot stream

Cold stream (cold)

Salt-gradient solar pond

Heat exchanger

Distillate side (cool), Td

Feed side (warm), Tf

Heat exchanger

Useful heat

(HOT)

Water produced, QW

THi

TL

T(z)NCZ

Concentration

LCZ

UCZ TU

TCo

THo

TCi= TSW

z = 0
z = z U

z = z Z

TCo= TSW TCi= TSW

THo= Td= TSWTHi= Td

Cold streamSeawater
(at a temperature TSW)

Seawater
(at a temperature TSW)

Fig. 2
Schematic representation of a membrane distillation system powered by a solar pond

(Suárez and Urtubia, 2016).
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Another solar energy-assisted DCMD system consisting of commercial PTFE membranes has

been developed recently for seawater desalination. The energy consumption of the system was

evaluated and an enhanced mathematical model was also employed to investigate the unsteady

state predictions of permeate flux (Shim et al., 2015). For each membrane, the characterization

of membrane properties, e.g., pore diameter, pore size distribution, the liquid entry pressure,

and effective porosity was carried out. The theoretical and experimental investigations of long-

term fouling phenomenon were also carried out. A two dimensional (2D) flat-plate dynamic

model was developed from heat and mass transfer mechanisms and used for permeate flux

predictions under different operating conditions. The numerical simulation agreed considerably

with the experimental results. From the experimental investigation, the thermal power

consumption was 896–1433 kWh/m3 and the gained output ratio (GOR) was 0.44–0.70.
A continuous operation of the system run for more than 150 days showed that solar energy

supplied about 77.3% of the thermal energy.

In another solar energy-assisted DCMD study, three commercially available hydrophobic

microporous membranes (based on the pore size 0.2, 0.7 and 1.2 μm respectively) were used for

seawater desalination (Palanisami et al., 2014). The dependence of permeation flux on

operating conditions was investigated. By using a feed temperature of 65°C, permeate

temperature of 25°C, flow rate of 2.5 L/min, and a short-term solar thermal power supply, i.e.,

for 1 day, desalination of real seawater was achieved without temperature control. Long-term

seawater desalination (i.e., for 150 days) was also achieved by using both solar thermal and

electric power. A very slight reduction of flux from 28.5 to 26.5 L/m2 h was observed during the

long-term investigation, indicating system feasibility.

An efficient integrated solar-driven desalination system based on the use of vacuummembrane

distillation (VMD) has been developed by Chafidz et al. (2014, 2016). The system can be

exploited in areas where electricity and potable water are not readily available. It consists of a

solar-thermal system, a solar-PV system and a vacuum multi-effect membrane distillation

(V-MEMD) module (Fig. 3).

The thermal collectors convert solar irradiation into thermal energy to drive the VMD process,

whereas PV panel converts solar irradiation into electrical to power electrical equipment.

The system utilized solar energy without external energy from the grid. The distillate flux

and the approximate conductivity of the distilled water produced by the system were of

1.5–2.6 L/m2 h and 4.7 μS/cm, respectively.

Solar energy-assisted VMD has also been investigated recently by Zrelli et al. (2015). The

effect of solar irradiation on the flow rate of the permeate produced by the VMDwas evaluated.

The membrane module was composed of two hollow fibers membrane wound in helically

coiled shape. These fibers were placed in parabolic through concentrator absorber. The

relatively hot solution (brine) in the absorber was used as the feed. A model was also developed
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by using the process governing equations and solved using the finite element method. The

sensitivity of the permeate flow rate to the solar irradiation and feed salt concentration was

obtained. When the solar irradiation increased from 200 to 800 W/m2, the permeate flow rate

rose from 0.14 to 0.36 kg/h. Meanwhile, a marginal effect of the feed salt concentration on the

permeate flow rate was observed. An increase of the feed salt concentration from 10 to 300 g/L

also resulted in a 12% drop of the permeate flux.

The Fraunhofer Institut of Solar Energy System (Freiburg, Germany) has developed a solar

powered desalination system based on the use of spiral-wound air gap membrane distillation

(AGMD) modules with internal heat recovery (Koschikowski et al., 2009). Koschikowski et al.

(2003) indicate a distillate production ranging from 10 to 40 L/h for a module with a membrane

surface area from 7 to 12 m2, maximum feed flow rate of 500 L/h and specific thermal

consumption in the range of 100–200 kWh/m3.

An original laboratory scale air gap membrane distillation (AGMD) unit for seawater

desalination was designed and tested by Cipollina et al. (2012). Distillate flux varied from 2 to

12 L/m2 h, with higher values achieved for higher feed flow rates and temperatures. On the

basis of experimental data a conceptual design of a solar energy powered MD unit was carried

out leading to a complete identification of design parameters and operating schemes.

2.2 RO Driven by Solar PV

PV-powered RO is considered one of the most-promising forms of renewable-energy-powered

desalination. A schematic diagram of a PV-RO system is depicted in Fig. 4.
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The osmotic pressure of seawater is much higher than that of brackish-water; therefore, its

desalination requires much more energy and a larger PV array. In addition, plant components

have to be mechanically resistant to the higher pressures found in seawater RO systems.

Therefore, the total cost of water from seawater PV-RO systems is higher than that from

brackish-water (Al-Karaghouli et al., 2010). Similarly, the capital and maintenance costs for a

seawater treatment are higher when compared with those of a brackish water treatment due to

the high costs of the membrane replacement. The energy requirement for brackish water

desalination is in the range of 1–3 kWh/m3. It may exceed 15 kWh/m3 for seawater

desalination.

In Saudi Arabia, frequent drought conditions and need for purified water are the main reasons

for high water requirements. Solar PV are being tested in this country for the purpose of

desalination because the cost of solar PV systems are becoming comparatively lower than those

of fossil fuel-powered energy systems, which is gradually making PV-powered desalination

systems to becoming a preferred choice nowadays. PV-RO plants have been constructed in

Saudi Arabia. Two phases of these plants have been described in a recent study (Rand et al.,

2016). The first phase includes the comparison between the technical equipment of dual-axis

PV-RO plants using solar cells and other PV-RO plants using CdTe. The second phase includes
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Schematic diagram of a PV/RO system (Al-Karaghouli et al., 2010).
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the cost analysis in which the condition of zero energy loss during storage is considered. From

these investigations, it was observed that there is significant savings in diesel that is not used in

the energy production process, which offset the cost of the PV panels. With the use of PV-RO

plants, the financial cost and the harmful CO2 emissions can be reduced extensively in Middle

East region.

The use of PV as a power source to run a household RO unit was investigated by Qiblawey et al.

(2009) by using water with a TDS concentration of 350 and 720 ppm and two different RO

membranes (CSM and Filmtec). The performance of Filmtec membrane resulted better than the

CSMmembrane, with a production, on average, of 8 L/h of drinking water (about 16 ppmTDS)

at specific energy consumption of 1.3 kWh/m3.

Small-scale PV powered seawater RO systems (up to 50 m3/day) have been developed by the

Centre for Renewable Energy Systems Technology (CREST, UK) and by Instituto Tecnológico

de Canarias (ITC) in Pozo Izquierdo, Gran Canaria Island. The first unit operated at variable

flow without need of batteries at pressures between 38 and 51 bar. As feed water was used

straight NaCl solution at around 32,800 ppm while the salinity of the permeate water varied

between 470 and 800 ppm. The running costs were estimated at £2000 per year and the overall
cost of water was around £2/m3 assuming a 20-year life of the system with pump replacement

every 5 years and membrane replacement every year. The ITC system consisted of a 400 L/h

seawater RO unit driven by a 4.8 kWp PV system and a 19 kW h battery backup system. The

seawater salinity was of 35,000 ppm TDS, while the permeate salinity was <1000 ppm. The

RO unit operated at 55 bar and a recovery ratio of 45%. The specific energy consumption was

5.5 kWh/m3. The estimated cost of the system was of 9 €/m3 (Tzen et al., 2008).

Thomson and Infield (2003, 2005) designed and tested a PV-powered seawater RO system

without batteries (Fig. 5), since the rate of production of freshwater varied throughout the day

according to the available solar power. The production of freshwater with the solar resource

available in United Kingdom was of about 1.5 m3/day. A software model of the system

predicted a production of over 3 m3/day nearer to the equator and with a PV array of only

2.4 kWp.

The desalination of brackish groundwater through a RO process driven by PV has been

investigated to meet the water demands for irrigation and cooling of a greenhouse in north-west

India (Davies and Hossain, 2010). Ventilation was produced by a fan which was tested and

optimized with a PV module outdoors. For the RO system an optimal sizing of 0.12–1.3 m2 of

PV module per m2 of membrane was estimated. The fan consumed <30 J of electrical energy

per m3 of air moved which resulted less than that of standard fans. The energy consumption of

the RO system (1–2.3 kWh/m3) was comparable to that reported in literature.

PV-powered RO is negatively affected by power fluctuations due to weather changes and

clouds cover which may reduce the lifetime of membrane and quality of permeate. The use of

batteries can improve the stability but it produces an increasing of both investment and
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maintenance costs. Another limitation is represented by biofouling of RO membranes

especially for long-term operations (Ghermandi and Messalem, 2009).

2.3 ED Driven by PV

ED is based on the use of an electrical potential driving force and cationic- and anionic-

exchange membranes installed in alternating series between two electrodes to separate charged

components such ions from a solution. The electrical current is carried through the solution,

with the ions tending to migrate to the electrode with the opposite charge. The streams in

alternating flow spacers are a sequence of diluted and concentrated water which flow in parallel

to each other (Lee et al., 2002).

In a typical PV-ED system electrodes are connected to an outside PV source in a container of

salt water. Salinity of the water is removed as water passes through ion-selective membranes

positioned between the two electrodes (Fig. 6).

The integration of ED with solar PV is one of the very promising configurations that have been

recently developed for brackish water desalination. For example, in a case study in the Canary

Fig. 5
PV-powered seawater RO system without batteries (Thomson and Infield, 2005).
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Islands, the sustainability of PV-ED integrated system for freshwater production through

energy and environmental considerations was investigated (Fernandez-Gonzalez et al., 2015).

PV-ED was compared with grid-connected system in the study. Energy consumption of

0.49–0.91 kWh/m3 was taken as the reference for the desalination of brackish water

(2500–5000 mg/L) by PV-ED. From this energy consumption, the environmental impact of the

PV-ED process in terms of CO2 emission was 0.02–0.03 kgCO2/m
3 (only due to energy

supply). This environmental impact is less than that contributed by the grid energy supply by

one order of magnitude. Economic assessment also shows that PV-ED might be more cost-

effective than conventional grid mix-supplied system, with a production costs of around

0.15–0.4 €/m3. Meanwhile, the major challenge associated with PV-ED is the inability to match

intermittent output of the renewable energy with water demand in this location. This challenge

hinders the capability of PV-ED to gain adequatemarket penetration. The efficiency of the solar

panels is also a factor for consideration.

Solar PV-ED system has also been presented as an energy and cost-effective means of

desalinating groundwater in rural India (Wright andWinter, 2014). The design requirements for

a village-level scheme of PV-ED were provided. Saline groundwater, which underlies 60% of

India, causes negative impact to human health. A quarter of India’s population lives in villages

of 2000–5000 people, many of whom do not have reliable access to electricity. Most village-

scale, on-grid desalination plants use RO, which is economically infeasible in off-grid

locations. Technical and ethnographic factors are used to develop an argument for PV-ED for

rural locations, including: system capacity, biological and chemical contaminant removal;
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water aesthetics; recovery ratio; energy source; economics of water provision; maintenance;

and the energetic and cost considerations of available technologies. Within the salinity range of

groundwater in India, ED requires less specific energy than RO (75% less at 1000 mg/L and

30% less at 3000 mg/L). At 2000 mg/L, this energetic scaling translates to a 50% lower PV

power system cost for ED versus RO. PV-ED has the potential to greatly expand the reach of

desalination units for rural India.

Another PV-ED integrated system has been employed to desalinate groundwater of medium

salinity in Bahrain (AlMadani, 2003). Bahrain has sufficient solar irradiance. The country

experiences about 13 h of sunshine per day during summer and 10 h of sunshine per day during

winter. A small-scale ED stack consisting of 24 pairs of cells was employed. This stack was a

commercial type and the cells were arranged in four hydraulic and two electrical stages. Two

feed water sources were used, i.e., synthetic salt water prepared in the laboratory and

groundwater of medium salinity at temperature of 10–40°C and product flow rates of 0.19–
1.13 m3/day (50–300 gal/d). Experimental analysis showed that salt removal efficiency and

product water concentration decreased when the flow rate was increased. However, higher

temperatures resulted in improvements in the quality of the product water.

Ortiz et al. (2008) evaluated the feasibility of the desalination of brackish water from aquifers

by a PV driven pilot scale ED system located in Alicante, Spain. The results indicated that the

electric consumption to desalinate the water with a TDS ranging from 2329 until 5011 g/m3 to a

potable quality (TDS < 400 g/m3) is in the range 0.92–1.69 kWh/m3. The cost of the

desalinated water was estimated in the range of 0.14–0.23 €/m3 for irrigation uses and

0.17–0.32 €/m3 for drinking water uses.

Simple setup, compact design, robustness, and long lifetime of the energy supply system

components are technical and techno-economic advantages of PV-ED integrated systems. On

the other hand, the integration of ED with PV is limited by economical and technical barriers.

Economical barriers, especially for seawater applications, are the large quantities of salt, the

high cost of electrodes, the expensive ion exchangemembranes and the relatively short life time

of membranes when working in a high-density electric field (Li et al., 2013). A technical

challenge is to establish suitable energy storage to smooth the output of renewable energy. For

example, the use of batteries implies techno-economic problems such as premature battery

failure and decrease in battery efficiency. In addition, ED can only remove salts and small

amounts of charged organic compounds, while most of uncharged compounds remain in

the treated water. Therefore integrated systems require specific unit operations for

removing contaminants prior or after ED. In this view FO represents a new option as

preliminary step to ED.

An integrated ED-FO system driven by solar energy, denoted as EDFORD (ED-FO Renewable

energy Desalination), was investigated by Zhang et al. (2013) to produce potable water from

secondary wastewater effluent or brackish water. In this approach, feedwater is drawn to the FO

draw solution while organic and inorganic substances (ions, compounds, colloids, and

164 Chapter 7



particles) are rejected. The diluted draw solution is then pumped to the solar energy driven ED

where the diluted draw solution is desalted producing high-quality water; the ED concentrate is

recycled to the FO unit and reused as draw solution (Fig. 7). NaCl is used as draw solution to

carry water from the brackish water to the ED unit where water is released by using solar

energy; NaCl is recirculated in the system and no waste concentrate is discharged into the

environment.

The water produced from the integrated system contained a low concentration of total

organic carbon (TOC), low conductivity and parameters meeting potable water standards.

The water production cost was estimated to be in the range 3.32–4.92 €/m3 for a small

size potable water production system.

2.4 Electrodialysis Reversal—RO Driven by Solar Energy

To prevent scaling in ED the modern processes utilize inverters which reverse periodically

(about every 20 min) the polarity of the electric field causing a reversal in the flow of ions and a

cleaning of membrane surface. This process, called ED reversal, shows recoveries higher than

other membrane technologies applied for brackish water desalination, such as RO, with average

results higher than 90% (Valero and Arbós, 2010).
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Pilot-scale experimental and modeling studies were performed by Karimi et al. (2015) to

identify the energy consumptions of electrodialysis reversal (EDR) and ROwhen operated with

different water salinities, flow rates, and temperatures. The pilot-scale experiments were

conducted in at the Brackish Groundwater National Desalination Research Facility in

Alamogordo, New Mexico. For the modeling, WATSYS software was used for EDR and Win

Flows software was used for RO. From the experimental results, it was observed that product

water flow rate and the salinity of feed water significantly affected the specific energy

consumption (SEC) of EDR and RO. The SEC of EDRwasmore sensitive to feed water salinity

variations, as compared to the SEC of RO. However, a slightly different response of the SEC of

EDR and RO to product flow rate was observed. The SEC of EDR was not significantly

influenced by temperature variations, while the SEC of RO was affected significantly by

temperature variations.With the energy requirements for these systems identified under a range

of operating conditions, HOMER software was used to identify optimal renewable energy

systems for powering the desalination technologies under each combination of operating

conditions. Lastly, the total net present cost of each renewable energy system was calculated,

and the most economical systems were identified. It was proposed that solar energy can be used

to power off-grid RO and ED/EDR systems at locations with similar environmental conditions

as those of Alamogordo, NewMexico, by using the experimental/modeled energy consumption

and production. For feed water with low salinity, solar-powered EDR was more efficient than

solar-powered RO to a large extent, with a total net present cost difference of 48%–159%.

However, for feed water with high salinity, solar-powered RO was more efficient.

Also, integrating renewable sources at lower scale units will not help in achieving the modular

access for the RO units. However, small RO units might be applicable for use in the remote

areas. A recent experimental study has examined the effects of weather change on the PV-

powered brackish water RO desalination system in the inaccessible areas (Alghoul et al., 2016).

It was observed that the power system was able to supply constant electricity without any

external disturbance. The RO system cable units showed complete stability. The system was

able to produce 5.1 m3 of fresh water when operating for 10 h daily. However, long exposure to

the small cable units during the desalination system would create high temperature that is

inadequate for the power units as well as for the battery room. The modeling of a solar PV-

powered brackish water RO system has also been explored in Tunisia (Laamari and Zghal,

2016). The tourism sector, which is known as the huge market for pure water, was selected. So,

the study aimed at providing autonomous gateways for RO systems powered by PV energy

generator to produce fresh water in a hotel situated in Djerba Island, such that the system can be

used to process the brackish water in the region to fresh water. The effectiveness of solar-

powered PV desalination systems when solar irradiance is not stable is an important point to

consider when operating these systems. Because of this reason, a recent study has explored the

effect of solar irradiance variations on the performance of a brackish water RO system powered

by solar energy (Richards et al., 2015). Unexpectedly, the water purification process was able to
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run at solar radiant power lower than 400 W/m2 (i.e., at the lowest energy levels). Thus,

fluctuating energy source can also yield decent quantities of purified water with good quality. If

a supercapacitor energy buffering is available, the system automatically becomes boosted in the

shutdown period and yield good-quality desalinated water. At some instances, despite the

system shutdown, good-quality water was produced and the system showed excellent

performance in that duration.

2.5 FO Driven by Solar Energy

FO is an osmotic pressure-driven process for removing water across a selectively permeable

membrane. The draw stream is a concentrated saline solution and the feed stream is generally

low in salt concentration, facilitating the transport of water from the feed side to the draw

solution, under the osmotic pressure gradient (Giwa et al., 2016b). FO has a high rejection of a

wide range of contaminants and a lower fouling tendency if compared with pressure-driven

membrane operations (Akther et al., 2015).

Solar energy has also been integrated with FO desalination technology for brackish water

desalination. In one of the latest developments, bilayer polymer hydrogels were tested as the

draw agent in the FO process (Razmjou et al., 2013). These hydrogels contained a water-

absorptive layer consisting of particles of sodium acrylate and N-isopropylacrylamide

copolymer, which provided the osmotic pressure. The hydrogels also contained a dewatering

layer that contained particles ofN-isopropylacrylamide, which allowed the steady release of the

absorbed water during the regeneration step at 32°C. Concentrated solar energy was used as the
thermal energy source during the regeneration step. The high temperature provided by the

concentrated solar energy ensured that the lower critical solution temperature of the dewatering

layer could be rapidly attained.When the solar concentrator increased the input energy from 0.5

to 2.0 kW/m2, the dewatering flux increased from 10 to 25 L/m2 h. The minimum energy

required by this hydrogel-driven FO process was also obtained via thermodynamic analysis.

Aside from the use of electricity produced from solar PV, there are few recent studies on the

application of solar thermal energy for the desalination of brackish and low-salinity water

(Mohan et al., 2016). Solar thermal energy is also applicable for decentralizing the water

purification process in places with high solar irradiance. The gap between water scarcity and

availability of solar energy in arid countries could help in migrating desalinated water to

various water-deprived areas when desalination processes that utilize solar energy are deployed

(Zaragoza et al., 2014).

2.6 Modeling of Renewable Energy-Powered Membrane Desalination Systems

Some modeling methods such as fresh water pinch analysis (FWPA), Energy PLAN analysis,

and Aspen Custom Modeler (ACM) analysis have been used recently to show the viability of

renewable energy-powered membrane desalination systems. The main aim of the FWPA
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technique is to reduce the use of electricity consumption and improve groundwater recovery

when a water storage tank is used during RO desalination ( Janghorban Esfahani and Yoo,

2016). There are many types of equipment employed to check the use of electricity power,

water storage capacity in tank and wasted electricity during the RO desalination. FWPA tools

form an optimization algorithm that helps in understanding the annual cost of the system during

the first year and normal operation year.

The Energy PLAN is an advanced energy tool through which analysis regarding the proper

distribution of the renewable sources in a water desalination process can be carried out.

Through Energy PLAN, a six-step structure has been designed for the development of

renewable energy resources in Jordan, in such a way that renewable sources can be made to

account for up to 76% of energy production (Novosel et al., 2015). Jordan is a water-deprived

country but it also comprises of abundant renewable resources like solar and wind energy.

Practically, renewable sources are not being utilized currently; instead imported fossil fuels are

used for the water purification process leading to the emission of harmful CO2 emissions that

causes environmental pollution. From the analysis, it was observed that renewable sources like

wind energy and PV units can be utilized to overcome these challenges when they are integrated

with RO desalination process and brine- operated pump storage units. The brine pump used in

the process will manage the fluctuation in weather conditions and reduce the use of fossil fuels.

Exergy analysis of renewable energy integrated with membrane operations is another recent

modeling technique (Akhatov, 2016). Exergy analysis is used to investigate the condition

whereby the system and surrounding reach an equilibrium point during the process of energy

distribution for water desalination process. Exergy analysis is important to check the loss of

energy during RO desalination process. Exergy analysis checks the exergy input and

destruction, and shows the exergy flow rates at various RO system levels. Once the flow rates

are available, the destroyed exergy components can be determined from the exergy balance

process. Hence, exergy analysis is important from a thermodynamic point for proper utilization

of solar energy during the RO desalination process.

The thermal efficiency reduction caused by temperature polarization is one of the main

drawbacks in MD processes for water desalination coupled with solar thermal energy. In order

to reduce temperature polarization phenomena, Cipollina et al. (2009) evaluated the effect of

spacer and channel geometry through the use of computational fluid dynamics (CFD)

techniques. A reference geometry was built to simulate flow and temperature fields of a portion

of a spiral wound MD module channel. Results indicated that spacers can significantly affect

temperature gradients within the channel modifying the effective driving force between both

faces of the membrane.

A dynamic simulation model for a solar-driven MD desalination system has been developed on

the ACM platform to optimize the system performance (Chang et al., 2010). This rigorous

model was developed for a spiral-wound AGMD module. The model considered the heat and
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mass transfer resistances associated with each composing layer. The effects of adopting

different objective functions, solar radiation conditions, thermal storage tank configurations, as

well as the flow rates to the MD module and the thermal storage tank on the optimized

performance are reported. It was observed that a simple thermal storage tank and low flow rates

are drivers of high water production rate. A control system using conventional PI (proportional/

integral) controllers was proposed and the water production rate can reach about 87% of the

optimal result during clear sky operation.

Recently, a computer model has been developed to simulate the performance of an integrated

solar thermal driven DCMD system for seawater desalination using recorded weather data

(Duong et al., 2017). Results indicated that the DCMD module exhibited a similar thermal

efficiency under co-current and counter-current flow; however, the counter-current flow

produced higher water fluxes, particularly at high feed temperatures. Indeed, at a high feed inlet

temperature, a large ΔT value can be obtained and maintained along the membrane module,

resulting in a higher water flux. In addition, simulation results indicated that an increase of cross

flow velocities in feed and distillate sided increased ΔT under both co-current and counter-

current configurations thus improving the process water flux and thermal efficiency.

By contrast, in the solar thermal DCMD process an increasing of water cross flow velocities

reduced both water flux and thermal efficiency. This was attributed to the limited supply of

solar thermal at any given time, with a consequent decrease of feed temperature when cross

flow velocity is increased.

The simulated solar thermal driven DCMD system achieved a higher daily distillate production

rate per m2 of membrane. It was estimated that a system equipped with a 7.2 m2 spiral-wound

DCMD module and a 22.6 m2 flat plate solar thermal collector can produce 19.7 kg of clean

water per m2 of membrane or 6.3 kg of clean water per m2 of solar thermal collector.

A mathematical model to assess a DCMD/SGSP coupled system was developed by Suárez and

Urtubia (2016). It was validated using experimental data available in literature. Results

confirmed the suitability of the system in areas with high availability of water and salts and with

enough solar radiation. Maximum freshwater flow rates and expected freshwater productions

were of 3.0 L/day/m2 of solar pond and 2.5 L/day/m2 of solar pond, respectively. The coupled

system had a thermal power consumption of 880 � 60 kWh/m3 of distillate, similar to that of

other MD systems. Authors estimated that the membrane area should be 1000 times smaller

than the area of the solar pond to achieve continuous and sustainable operation.

Aside from developed software and mathematical applications, global mathematical models

from conventional heat and mass balances have also been applied for renewable energy

integrated with membrane desalination systems. Another model has been developed to test the

performance and sensitivity of a MD unit integrated with a solar collector system to fluctuating

internal and external conditions (Boukhriss et al., 2016). A global mathematical model was
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used to investigate the operating methods and fluctuating parameters during the desalination

process. Solar PV power has also been autonomously coupled with ED technology.

Mathematical models, with particular emphasis on the ED process, were developed for

process control to ensure that the product water quality is not influenced by fluctuations due

to concentration, solar radiation and input flow to the ED cells (Troncoso et al., 2014).

Simulation results for process monitoring based on the concept of sliding modes are

presented. To reduce the cost and improve the reliability of PV-powered desalination

systems, an ED system integrated with PV modules without battery storage or regulator has

also been studied to solve the problem of drinking water shortage in South East of Spain

(Ortiz et al., 2006). This location is an isolated area without electric grid connection but with

access to contaminated brackish water wells. A mathematical model and experiments were

used to investigate the feasibility of the integrated system under different environmental

conditions. A good agreement between model simulation and experimental data was

obtained. This model also provides an opportunity to design the PV unit in terms of the

quantity and configuration of PV modules required to desalinate brackish water under

different environmental conditions.

3 Wind Energy Integrated With Membrane Operations

Apart from solar energy, wind energy is another renewable energy source that has been

considered for integration with membrane desalination in many recent studies. The

implementation of wind energy for water desalination has become more advantageous because

of its cost-effectiveness. Wind energy systems are more adaptable at higher levels to domestic,

industrial, and agricultural production. The technological and economic aspects of fresh water

production through a wind-powered desalination system for the small coastal areas and islands

have been presented in a recent study (G€okçek and G€okçek, 2016). Unit costs and energy

requirement tests were carried out to understand the benefits of using wind-powered

desalination RO system. Upon estimation, the cost of water production through wind turbines

was US$2.9–6.5 per m3. It was also observed that CO2 emissions reduced significantly when

wind power was used for water purification, as compared to conventional energy sources.

Overall, there was a reduction in the electricity costs as well, thereby indicating the benefits of

using wind-powered RO plants in these areas. The Gulf Council Cooperation (GCC) has

recently identified wind-powered RO desalination as a cost-effective process. An economic

assessment of the Liwa ASR RO plant for water desalination through wind power has been

carried out (Loutatidou et al., 2017). Since the RO plant was not established as the sole source

of water in the region, the fluctuation in wind power was acceptable, making it economically

viable on the days when the wind power was inadequate. The wind power system was found to

be competitive economically in the GCC region as compared to the existing thermal systems for

desalination.
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Generalized design curves for process and operation variables of a wind-powered unit for RO

desalination were derived by Kiranoudis et al. (1997). Authors reported that the unit cost of

freshwater production by a conventional RO plant can be reduced up to 20% for regions with an

average wind speed of 5 m/s or higher.

Robinson et al. (1992) evaluated the performance of a small-scale wind-powered RO system

equipped with a small diesel or portable gasoline pump used in case of low available wind

power. The system produced from 0.5 to 1 m3/day of fresh water which is the estimated volume

needed by a typical remote community in Australia.

A prototype wind-powered RO system was also developed by Liu et al. (2002) for brackish

water desalination. Data indicated that a feedwater flow of about 13 L/min could be maintained

by this system at an average wind speed of 5 m/s. The average rejection rate and recovery ratio

were 97% and 20%, respectively.

Wind energy-powered ED systems have also been studied in recent investigations. A wind–ED
system with no energy storage was developed with the aim of investigating the impact of wind

speed (2–10 m/s), turbulence intensities (0–0.6 TI), and periods of oscillation (0–180 s) on
desalination performance and energy consumption (Malek et al., 2016). The system produced

good-quality drinking water (600 mg/L NaCl) over the range of parameters tested. Water

production and energy consumption increased with wind speed, until both factors leveled off at

wind speeds above the rated value of the wind turbine (rated: 7.9–8.4 m/s). The impact of wind

speed fluctuations on system performance was insignificant up to a TI of 0.4 (i.e., moderate

fluctuations). The water production declined under high turbulence intensity fluctuations

(TIs �0.5) and long periods of oscillation (N40 s). The main challenge in direct coupling of ED

to wind energy was not the magnitude of fluctuations but the impact of power cycling off during

long periods of oscillation and lengthy periods of no wind. Interestingly, the specific energy

consumption of the process remained relatively unaffected by the fluctuations, suggesting the

system to be an electrically robust and reliable off-grid desalination technique for remote water-

stressed locations. Off-grid wind energy system has been used to run an ED brackish water

desalination plant, as part of test studies carried out in Gran Canaria Island (Spain) (Veza et al.,

2004). The off-grid system is a medium-scale wind farm. Meanwhile, adequate knowledge of

the behavior of off-grid wind energy system is required before the system behavior can be

analyzed; hence the operational modes and possible constraints were studied by running some

test operations. The integrated system included power converters used as DC drivers and

variable frequency drivers for the feed pump. The test studies were conducted to investigate the

adaptability of the EDR unit to variations and intermittency of the wind power. The flow rate

and conductivity of the product water were 3–8.5 m3/h and 200–500 μS/cm, respectively. The

power requirement was 4–19 kW. A control system that was slightly modified from a standard

design was employed to ensure that the integrated system would be able to cope with sudden

drops and rise of wind power. The EDR unit showed good flexibility with the wind power.
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4 Hybrid Renewable Energy Systems Integrated With Membrane
Operations

Hybrid solar and wind energy systems integrated with membrane desalination operations have

been shown to be able to address daily and seasonal variabilities in these renewable energy

sources. Excess wind energy, for example, can create serious problems and a wind farm might

become difficult to operate under such an adverse condition. Hence a new system has been

proposed in which renewable energy sources comprising of solar PV, diesel, and potential

energy are combined with wind energy (Lai et al., 2016). Successful implementation and

combination of these energy sources and the selection of the right operating conditions and

energy storage can aid the design of a wind powered RO system.Multi-skid RO system has also

been used to recover the energy loss due to fluctuations that occur during the transfer of

renewable energy to the desalination process (Ntavou et al., 2016). Due to changing climate

conditions, the use of solar and wind energy fluctuates the energy transmission process and

hinders the water purification process. This system consists of three parallel skids that are used

for the desalination process. A configuration of these three subsystems was introduced under

the constant watch of axial position meter for the energy recovery process. The three subunits

comprise of appropriate instruments, frequency inverters, and high-pressure pump frequency.

After the process is tested under the three subunits using the local climate conditions, the power

input from the PV resources was increased by about 10–20 kWp. Hence, a suitable condition for

the RO desalination process using renewable energy sources was provided. Hybrid PV-wind-

battery and power-to-gas (PtG) power plants have also been used to generate electricity for

water desalination. It has been shown that plants using these resources can ensure competitive

costs and lesser environmental pollution. The global costs for water in 2030 are estimated at

0.6–2.8 €/m3 but these can be marginally reduced with the use of these hybrid renewable

sources (Caldera et al., 2016).

Recently, the dynamic performance characteristics of an RO plant integrated within hybrid

energy systems configurations under flexible operation have been investigated (Kim

et al., 2016).

Simulation results involving several case studies suggest that RO plants, when integrated with

hybrid systems can provide operational flexibility to participate in energy management at the

utility scale by dynamically optimizing the use of excess electrical energy.

5 Conclusions and Future Trends

Solar energy-assisted DCMD and VMD, solar PV-RO, salinity gradient-solar power-reverse

electrodialysis (SGPRE), salt-gradient solar pond (SGSP), and solar PV-ED systems are some

of the recent membrane desalination systems integrated with renewable energy for seawater

and brackish water desalination. Modeling and simulation of solar energy requirements and

fresh water production have also been carried out using WATSYS software, Win Flows
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software, fresh water pinch analysis, Energy PLAN analysis, Aspen Custom Modeler and

exergy analysis in recent studies. For wind energy, RO and ED are the main desalination

processes that have been integrated with wind energy recently. To address the fluctuations in

solar and wind energy, and optimize cost and productivity, hybrid systems such as solar PV-

diesel-potential energy-wind energy, multi-skid RO system, PV-wind battery and PtG power

plants have also been developed. These systems are contributing to the environmental,

economic, and social sustainability of desalination processes.

List of Acronyms

ACM Aspen Custom Modeler

AGMD air gap membrane distillation

DCMD direct contact membrane distillation

ED electrodialysis

EDR electrodialysis reversal

FO forward osmosis

FWPA fresh water pinch analysis

GOR gained output ratio

LCZ lower convective zone

MD membrane distillation

NCZ non-convective zone

PTFE polytetrafluoroethylene

PV photovoltaics

RO reverse osmosis

SEC specific energy consumption

SGSP salt-gradient solar pond

TDS total dissolved solids

TI turbulence intensity

UCZ upper convective zone

VMD vacuum membrane distillation
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Abstract 

Industry is one of the main sources of water pollution since a long time and currently 
increasing day by day. Industries produces pollutants that are not only extremely harmful 
to people but also to the aquatic environment. Many industrial facilities use freshwater to 
carry away waste from the industrial plants into rivers, lakes and oceans. During the last 
century a huge amount of industrial wastewater was discharged into rivers, lakes and 
coastal areas. This resulted in serious pollution problems in the water bodies and caused 
negative effects to the eco-system and human’s life. There are many types of industrial 
wastewater pollutants based on different industries and each sector produces its own 
particular combination of pollutants from the processes. The technology for the treatment 
of industrial wastewater must be designed more specifically for the particular type of 
pollutants produced. Membrane has made important contributions to the welfare of 
people with positive quality of life more than the majority of all other disciplines.  In this 
chapter most of the industrial pollutants and their membrane based treatment mechanisms 
are described.  
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1. Introduction

Wastewaters from agro-industries are characterized by high levels of chemical oxygen 
demand (COD), together with the presence of nitrogen and phosphorus. 

The classic technologies used for the treatment of industrial wastewater are insufficient to 
meet current demand. Advanced technologies in wastewater treatment include membrane 
processes, ion-exchange processes, adsorption processes, ozonation, UV/ozone/H2O2 
combinations, Fenton’s process, and nitrogen and phosphorus removal technologies. 
Membrane separation processes associated with a number of advantages, including 
appreciable energy savings, clean and easy operation, higher effectiveness, and greater 
flexibility in system design have been preferred. Membrane processes have recently 
become a great topic of research due to their applicability in wastewater treatment. 
Decreasing costs of installation and operation of membranes favored the use of 
membrane processes. Of the membrane processes, microfiltration and ultrafiltration are 
used mainly for primary treatment purposes while nanofiltration and reverse osmosis are 
used for final treatment. Specifically, reverse osmosis membranes offer such a high 
treatment efficiencies that they are used in a wide range of applications including 
recovery of materials from industrial wastewaters and treatment of sea water for drinking 
purposes. 

The present chapter focuses on the various kinds of pollution present in food and agro 
alimentary industries. The remediation of the pollutants by application of membrane is 
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also discussed in this chapter. An overview about the different pollutants and treatment 
technologies including membrane is presented. The use of different membranes in the 
remediation of agro food pollutants is described with more attention to downstream 
purification. A large volume of wastewater in the form of either oil-in-water (o/w) or 
water-in-oil (w/o) emulsions is generated from various process industries such as 
metallurgical, transportation, food processing and petrochemical as well as petroleum 
refineries. In the following sections, we will focus on oil-in-water emulsions derived 
from vegetable oil processing.  

2. Industrial pollutants and their impact on water 

Agro-industries are major contributors to worldwide industrial pollution. Effluents from 
many agro-food industries are hazardous to the environment and require appropriate and 
a comprehensive management approach [1]. The quantity, composition and concentration 
of different agro-food wastewaters depend on the final products, production processes, 
equipment used, and composition variations [2].  

 

Table 1  Characteristics of typical agro-food industrial wastewater. 
Industry COD  

mg/L 
BOD 
mg/L 

pH TS  
mg/L 

TN 
mg/L 

TP 
mg/L 

Temperature 
ºC 

Reference 

Distillery 85,000 -
1,000,000 

42,000 
-

51,000 

3.1 -
4.7 

70,000-
95,000 

800-
1,200 

180--
350 

85-95 [3] 

Sugar 
factories 

8,339-
9,033 

1,010-
5,103 

4.4 
– 

9.5 

1,344 44-53 1 – 5 29.1 [2,4] 

Dairies 346 50 7.3 250 – 
2,750 

42 3.3 -- [1,5] 

Winery 1,800 – 
21,000 

-- -- 150-
200 

310-
410 

40-60 -- [1] 

Food 
procesinga  

1,000-
8,000 

600-
4,000 

-- -- 50 3 -- [1] 

Olive mil 130,100 -- 4.9 9,090 270 110 -- [1,6] 

Notes: a contains flour, soybean, tomato, pepper, and salt.  
TS: Total solids; TN: Total nitrogen; TP: Total phosphorus; BOD: Biochemical oxygen 
demand; COD: Chemical oxygen demand. 
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Table 1 summarizes the physicochemical characteristics of agro-food industrial 
wastewater reported by various authors.  

As evident from the data presented in Table 1, there is significant variation in COD (346 
– 1,000,000 mg/L) and BOD (50–51,000 mg/L). The pH and total solids (TS) 
concentration varies in the range of 3,1 – 9,5 and 6,150 – 95,000 mg/L, respectively; and 
significant amount of nutrients, 42 – 1,200 mg/L of total nitrogen (TN) and 1 – 350 mg/L 
of total phosphorous are also found in agro-food industry wastewater. The wastewaters 
impact colour and unpleasant odor in water bodies but some of wastewaters exhibit good 
biodegradability [7]. 

One of the main characteristics of agro-food wastewater is the amount of water 
consumption. The high amount of effluent produced, raises specific problems for the 
treatment process. These relate to the volume and composition of the wastewater 
produced and consequently treatment plants must be versatile in relation to the loading 
regime and at the same time be able to cope with a succession of start-ups and 
closedowns, including periods of inactivity [8]. 

The untreated wastewater issued by agro-food industries can cause water and soil 
pollution and therefore permanent risk of environmental pollution (Fig. 1) [5,9]. Due to 
high organic loading, the oxygen depleting potential of agro-food wastewater is 100 
times that of domestic sewage [10]. The conductivity of the agro-food wastewater 
exceeds 1,500 μS/cm, which proves excessive mineralization of the wastewater. For 
turbidity, the value is greater than 50 NTU, proving that the analyzed water is cloudy [5] 
and its dark color obstructs photosynthesis and causes adverse effect on aquatic life [3]. 

Wastewaters also alter the physico-chemical characteristics of the receiving aquatic 
bodies and affect aquatic flora and fauna. When discharged into the environment, 
wastewaters create serious health hazards to the rural and semi-urban populations. Agro-
food effluent has an obnoxious odour and unpleasant colour when released into the 
environment without proper treatment. Contaminants, such as chloride, sulphate, 
phosphate, magnesium and nitrate, are discharged with the effluent of various industries, 
which create a nuisance due to physical appearance, odour and taste. Such harmful water 
is injurious to plants, animals and human beings [2,4]. 
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Figure 1  Effects of agro-food wastewater on the environment. 

 

The major chemical pollutants in agro-food wastewater are nitrogen and phosphorus. The 
presence of nitrogen in discharged wastewater is undesirable because its ecological 
impacts and adverse effect on public health. A major problem in some plants is a low pH 
(pH = 6) which arises due to extensive nitrification and low wastewater alkalinity. 
Nitrogen in the form of ammonia is toxic to fish and exerts an oxygen demand on 
receiving water by nitrifiers [11]. 

Surface waters may also contain phosphorus in various compounds, which is an essential 
constituent of living organisms. In natural conditions, phosphorus concentration in waters 
is balanced; however, when phosphorus input to waters is higher than that can be 
assimilated by a population of living organisms, the problem of excess phosphorus 
content occurs. Since phosphate is the limiting component for growth in most ecosystems 
and the emission of phosphate in surface waters lead to eutrophication and algae bloom, 
thus having negative impacts on nature conservation, recreation, and drinking water 
production [11]. Algal blooms are esthetically undesirable and they alter the native 
composition and species diversity of aquatic communities, in addition to impair 
recreational values of surface waters, impede commercial fishing, and pose problems for 
water treatment. When deprived of oxygen, fishes and other aquatic organisms die, 
emitting foul odors [12]. 

Agro-food effluents contain carbohydrate organics, dissolved and suspended solids. The 
immediate oxygen demands by these effluents cause rapid depletion of dissolved oxygen 
in receiving streams and produce anaerobic conditions. High solids level would have an 
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adverse impact on aquatic life, render the receiving water unfit for drinking and domestic 
purposes, reduce crop yields if used for irrigation, and exacerbate corrosion in water 
systems and pipes [13]. 

Agro-food wastewaters also affect the soil. The bacteria and fungi which maintain the 
soil fertility are affected by the release of highly toxic chemicals, causing concerns about 
the sustainability of continued reuse of treated wastewater in agriculture. The risks posed 
for human health represent another question at the heart of any discussion on wastewater 
reuse. These risks cannot be accurately estimated at the moment, but cannot be ignored. 
The evidences reported in the literature, as well as the critical analyses on the limitations 
of some experimental approaches highlight the importance of the accumulation and 
propagation of biological contaminants in soils due to wastewater irrigation. Human and 
animal pathogens, phytopathogens and antibiotic resistant bacteria and their genes are 
important biological contaminants that can be transported by wastewater and/or be 
enriched in soil. Also, numerous other chemical contaminants, such as xenobiotics, 
pharmaceuticals and metals, can threaten the environmental and human health. The 
mixture of these contaminants may have unpredictable consequences on both 
environment and human health [14]. 

3. Treatment technologies 

The summary of opportunities and limitations of anaerobic, aerobic, physico-chemical 
and membrane treatment methods for agro-food wastewater is presented in Table 2. 

Table 2  Opportunities and limitations of anaerobic, aerobic, physicochemical and 
membrane treatment methods for agro-food wastewater. 
Treatment 
method 

Opportunities Limitations 

Anaerobic *Energy production is possible due to 
the generation of methane during 
degradation of organic matters. 
*Less sludge production. 
*Effluent quality in terms of COD is 
good but nitrogen removal is low. 

*Oil and grease are not easily 
degraded. 
*Post-treatment of effluent is 
often required. 

Aerobic *Excellent effluent quality in terms of 
COD, BOD and nutrient removal. 
*Aerobic-SBOR has been reported to 
give high percentage of organics 
removal. 

*Excess sludge produced is 
high. 
*Require larger area. 
*Complete removal of 
organics is not possible. 
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*In the case of aerobic SBR, smaller 
area is needed as compared to other 
aerobic activated sludge processes. 

*Aerobic SBR treatment 
systems offer better  
controlling. 

Physico-chemical *Coagulation/flocculation, adsorption 
and electrochemical methods are the 
various physicochemical 
methods.*Electro-oxidation was better 
treatment option in comparison to 
electro-coagulation. 
*No generation of secondary 
pollutants take place in electro-
oxidation method. 

*Chemical 
coagulation/flocculation 
process generates secondary 
pollutants. 
*In the case of 
electrocoagulation, treated 
effluent may be contaminated 
with electrode material. 

Membranes *Membrane assisted treatments 
methods such as RO, MF, NF, UF are 
most suitable to produce high-quality 
effluents to reuse directly. 
* Membrane separation can be used in 
dilute streams. 
*Effective in removal of recalcitrant 
contaminants. 
*Product recovery is possible. 
*Smaller footprint. 
*Improve nitrification and 
denitrification processes. 

*Volumes pumped are very 
high comparing to other food 
industry branches, the 
solutions exhibit high viscosity 
and high osmotic pressure. 
* Membrane fouling might be 
severe at the later stage of 
treatment. 

Notes: Reverse osmosis (RO), microfiltration (MF), nanofiltration (NF), ultrafiltration 
(UF). Adapted from [2,15,16] 
 

Depending on the characteristics of the wastewater and the preferred final disposal 
routes, wastewater treatment methods can involve a simple single operation or a series of 
separate operations, involving multiple units. Anaerobic treatment method for 
concentrated wastewater, in terms of pollutants is a widely used method in the industries. 
It has several advantages over aerobic processes, which include lesser energy 
requirement; methane (a source of energy) production due to the degradation of organic; 
and lesser sludge production, which indirectly reduces the sludge disposal cost [2,17].  

In case of aerobic treatment process (Table 2), aerated lagoons, aerated submerged fixed-
film culture, and mixed culture activated sludge process have been used for the treatment 
of agro-food wastewater. However, future studies are hoped to focus on aerobic 
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sequential batch reactor (SBR) treatment, a mixed culture activated sludge process. In the 
case of aerobic SBR, smaller area is needed as compared to other aerobic activated 
sludge processes. Both technologies, anaerobic and aerobic are complementary to one 
another in respect of removing organics and nitrogen completely from agro-food industry 
wastewater [17]. 

As agro-food wastewaters have high loading of dissolved solids and suspended solids, 
physicochemical methods like adsorption and coagulation are well suited for their 
treatment. Khan et al [18] reported coagulation with lime and subsequent adsorption with 
activated charcoal. BOD and COD removal efficiencies were reported to be 96 and 95%, 
respectively. 

Membrane assisted treatment methods are very capable to produce high-quality effluent 
to reuse directly. Future research in MBR is likely to focus on reduction in energy 
demand and membrane fouling during the operation. Therefore, in view of producing 
good quality treated wastewater for reuse, hybrid system comprising of membranes with 
aerobic/anaerobic treatment methods and/or physicochemical methods may be promising 
[2]. 

4. Agro industrial wastewater 

4.1 Olive mill wastewater 

Olive oil production is an important agricultural and economic activity in Mediterranean 
countries. Olive oil processing (traditional press method or the most used three phase 
continuous process) produces large amounts of olive oil mill wastewaters (OOMW). 
OOMW are composed of olive pulpwater containing vegetable components and minerals, 
plus water components used for the olive washing, plant cleaning , olive paste dilution in 
the continuous process, and the residual olive pulp oil. The organic fraction contains 
sugars, tannins, polyphenols, polyalcohols, pectins, lipids, proteins and organic acids 
such as acetic, malic, fumaric, lactic, malonic, citric, tartaric, ossalic and succinic [19]. 
The composition of OOMW is not constant and exhibits great variability because it 
depends on a lot of parameters such as kind of olive and ripeness, oil extraction 
technology, and duration of aging. 

OOMW from olive mills represent one of the greatest environmental problems in the 
Mediterranean area, where olives cultivation is widespread and large volumes of effluents 
are produced in a concentrated period of a few months. The polluting load depends on the 
high COD values and the presence of phyto-toxic and antibacterial polyphenolic 
components. Indeed, in these effluents, the presence of phytotoxic recalcitrant pollutants 
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makes them resistant to biological degradation and thus inhibits the efficiency of 
biological and conventional processes [20].  

OOMW are often illegally discharged or widespread in agricultural fields, with adverse 
consequences on the field fertility. Straight discharge of OOMW has been reported by 
several authors to cause strong odor nuisance, soil contamination, plants growth 
inhibition, underground leaks, water body pollution and hindrance of self-purification 
processes, as well as severe impacts on the aquatic fauna and ecological status, due to the 
presence of bio-refractory contaminants, including a wide variety of phenolic 
compounds, tannins, fatty acids and organohalogenated pollutants. Inorganic compounds 
including chloride, sulfate and phosphoric salts of potassium, calcium, iron,magnesium, 
sodium, copper and traces of other elements are also common traits of OOMW [20]. 

Flexible and efficient treatment plants should assure not only a significant reduction of 
BOD and COD values but also the possibility of selectively recovering some valuable 
compounds that could be used in the same production cycle or as raw materials for other 
processes. 

Scientific studies on OOMW treatment principally concentrated on the removal of the 
polluting load [21]. Physical and physico-chemical processes include thermal processes 
(evaporation, gasification, combustion) [22], thermochemical processes [23], electro-
coagulation [7,24], flocculation/clarification, adsorption, extraction [25], and ozonation 
[26]. Nevertheless, these conventional treatments are not capable to abate the high 
concentration of dissolved monovalent and divalent ions present in OOMW, which 
present hazardous salinity levels according to the guidelines established by the Food and 
Agricultural Organization (F.A.O.) for irrigation uses [20]. Generally, physico-chemical 
processes need an integrative biological treatment for the complete degradation of the 
organic substances [27]. Biological treatments can be divided into aerobic and anaerobic. 
Anaerobic processes have greater efficiency in the pull down of the pollutant load and 
produce biogas reusable as energetic resource [28]. Anyway, both in the aerobic and in 
the anaerobic processes, microorganism growth is particularly difficult for the 
antibacterial action of polyphenols. Although the efficiency of the coupled physico-
chemical and biological treatment of OOMW is better, from an environmental point of 
view, the discharge of the great amount of sludge produced, with volumes comparable to 
that of the OOMW treated, is a great problem [29].  

Recently, researches have began to consider the recovering of polyphenols, as high value 
compounds with biological activities [30], the antioxidant, anti-inflammatory activities 
and radicalic elimination [31], and the antimicrobic activity [32], transforming OOMW 
from effluents to raw material with high potential economic value [33,34].  
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In this case, technologies offer high efficiency and moderate investment and maintenance 
expenses [21,35], even if final treatment of OOMW by membrane processes has not been 
widely accepted, yet, and limited research papers have been published up to date. 
Recently, Pulido [20] discussed the state of the art of the different pretreatment methods 
and integral membrane processes proposed up to 2016 for the reclamation and disposal of 
the effluents generated in olive mills operating with batch-press and two-phase as well as 
three-phase processes, comprising microfiltration (MF), ultrafiltration (UF), 
nanofiltration (NF) and reverse osmosis (RO), along with membrane bioreactors (MBRs) 
[36], with an insight into the problem of fouling. MF and UF have been used mainly for 
primary treatment purposes, while NF and RO have been used for final treatment [37,38]. 

Several novel treatment approaches (Table 3) based on tangential flow membrane 
filtrations for the selective separation and total recovery of hydroxytyrosol, water and 
organic substances have been patented by ENEA and Verdiana Company [39]. MF and 
UF of OOMW without preliminary centrifugation step, operating with pilot plants with 
fixed process parameters were investigated by [38]. MF/UF permeates can be 
concentrated in RO. MF and UF permeates or RO concentrate can be used as functional 
integrators or in pharmacologic compositions. RO permeate can be used as base for the 
beverage industry. MF and UF concentrates can be used as fertilizers or in the production 
of biogas. 

Membrane distillation (MD) is a non-isothermal process that has attracted the interest of 
academic and scientific communities during the last few years. It can be used 
successfully for OOMW with the objective to obtain pure water – which can be useful for 
irrigation or industrial uses – and a concentrate containing high amounts of polyphenols, 
which can be extracted later. Compared to other separation processes, MD has many 
advantages. It exhibits a complete rejection of dissolved, non-volatile species, lower 
operating pressure than the pressure-driven membrane processes, reduced vapor space, 
etc. The obtained concentrate of OOMW may represent a source of high added value 
compounds like sugar and polyphenols and the residue can be utilized in agriculture as a 
fertilizing agent through its high load of organic compounds [40].  

One common problem of membrane filtration of OOMW is the membrane fouling that 
drastically reduces the efficiency of permeate and also changes its selectivity. Therefore, 
a pretreatment step is necessary to decrease membrane fouling and to increase filtration 
efficiency. The centrifuging process was found to be a promising pretreatment method 
[37]. Several MD processes have been identified (Figs. 2-4). 

Hybrid processes, combining biological treatments, chemical processes and membrane 
technology, were developed too [41,42] in order to reach high removal efficiencies of 
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COD and mono-phenolic compounds. The important treatments processes based on 
membrane filtration are listed in Table 3. 

Table 3  Several novel treatment approaches based on membrane filtration. 
 Filtratio

n System 
Membranes 
(manufacturer) 

Material Cut-off Feed Ref. 

MF Tangentia
l flow 

Ceramic Tami Zirconium oxide 0.8 μm 
0.45 μm 

Acidified 
OOMW 

[38] 

Tangentia
l flow 

Ceramic Tami 
isoflux 

Zirconium oxide 0.45 μm Acidified 
OOMW 

[38] 

Tangentia
l flow 

Polymeric Nadir Spiral-wound PES 500 Kd Acidified 
OOMW 

[38] 

/ (Inopor GmbH) Al2O3 / Pre-
filtered 
OOMW 

[43] 

/ Osmonics JX / / Pre-treated 
OOMW 

[44] 

MBR Carbosep (Novasep 
Orelis) 

Carbon with ZrO2–
TiO2 

0.14 μm Diluted 
OOMW 

[36] 

UF Tangentia
l flow 

Polymeric 
Osmonics 

Spiral-wound PS 80 Kd 
20 Kd 
6 Kd 

MF 
permeates 

[38] 

Tangentia
l flow 

Ceramic Tami Zirconium oxide 1 Kd MF 
permeates 

[38] 

Cross-
flow 

JW Osmonics PVDF 30 kDa Pre-treated 
OOMW 

[45] 

Cross-
flow 

MW Osmonics Ultrafilic 100 kDa Pre-treated 
OOMW 

[45] 

Cross-
flow 

Membralox-
Ceraver 

Ultrafine porous 
ZrO2 / coarse 
porous alumina 

0.05 μm Olive mill 
solid 
wastewate
r 

[42] 

Cross-
flow 

UF-PES-004H 
(Macrodyn-Nadir) 

Permanently 
hydrophilic PES 

4 kDa Pre-
filtered 
OOMW 

[19] 

Cross-
flow 

C005F (Macrodyn-
Nadir) 

Regenerated 
cellulose 

5 kDa Pre-
filtered 

[19] 
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OOMW 
Cross-
flow 

C010F (Macrodyn-
Nadir) 

Regenerated 
cellulose 

10 kDa Pre-
filtered 
OOMW 

[19] 

Cross-
flow 

P010F (Macrodyn-
Nadir) 

Permanently 
hydrophilic PES 

10 kDa Pre-
filtered 
OOMW 

[19] 

Cross-
flow 

Etna 01PP (Alfa 
Laval) 

Composite 
fluoropolymer 

1 kDa UF 
permeates 

[46] 

Cross-
flow 

/ Ceramic (zirconia) / Pre-
filtered 
OOMW 

[47] 

/ HFS (Toray) PVDF / Pre-
filtered 
OOMW 

[46] 

/ UC010 
(Macrodyn® 
Nadir) 

Cellulose 10 kDa Centrifuge
d OOMW 

[37] 

/ Osmonics GM / / MF 
permeates 

[44] 

/ Desal-5 – 
GM4040F 
(Osmonics 

Composite / Pre-treated 
OOMW 

[48] 

/ PCI France / 2-25-
100 kDa 

Pre-treated 
OOMW 

[41] 

Micellar 
enhanced 

/ PVDF / OOMW [49] 

NF 
 

/ NF90 (DOW-
Filmtec) 

Thin-film / UFpermea
tes 

[46] 

/ NP010 
(Macrodyn® 
Nadir) 

PES / UF 
permeates 

[37] 

/ NP030 
(Macrodyn® 
Nadir) 

Permanently PES / UF 
permeates 

[37] 

/ NF270 (DOW 
FilmtecTM) 

PA 200-300 
kDa 

UF 
permeates 

[37] 
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/ DK2540F 
Osmonics 

/ 0.5 nm Pre-treated 
OOMW 

[50] 

/ / Polymeric 200 UF 
permeates 

[47] 

/ Osmonics DK / / MF 
permeates 

[44] 

/ Desal-5 – 
DK4040F 
(Osmonics 

Composite / UF 
permeates 

[48] 

RO Tangentia
l flow 

Polymeric 
hydronautics 

Composite PA / UF 
permeates 

[38] 

/ XLE (DOW 
FilmtecTM) 
BW30 (DOW 
FilmtecTM) 

PA / UF 
permeates 

[37] 

/ / Polymeric 100 UF 
permeates 

[47] 

/ Osmonics SC / / NF 
permeates 

[44] 

MD Direct 
contact 
MD 

GVHP (Millipore) PVDF / OOMW [40] 

Direct 
contact 
MD 

TF200 (Gelman) PTFE / OOMW [40] 

Direct 
contact 
MD 

TF200 (Gelman) PTFE / Pre-treated 
OOMW 

[51] 

Direct 
contact 
MD 

TF200 (Gelman) 
TF450 (Gelman) 
TF1000 (Gelman) 

PTFE/ PP / Micro-
filtered 
OOMW 

[52] 

Osmotic 
distillatio
n 

TF200 (Gelman) 
TF450 (Gelman) 
TF1000 (Gelman) 

PTFE/ PP / OOMW [53] 

Osmotic 
distillatio
n 

/ PP / NF 
permeates 

[43] 



308 

Vacuum 
MD 

TF200 (Gelman) 
TF450 (Gelman) 
TF1000 (Gelman) 

PTFE/PP / OOMW [53] 

Vacuum 
MD 

/ PP or PVDF  / NF 
permeates 

[43] 

Note: PA: polyamide; PES: polyethersulfone; PP: polypropylene; PS: polysulfone; PTFE: 
polytetrafluoroethylene; PVDF: polyvinylidene difluoride. 

 

 

Figure 2  Direct contact membrane distillation system: (1) distilled water reservoir , (2) 
three-way valve, (3) cold unit, (4) flat sheet membrane module, (5) warm unit, (6) 
magnetic stirrer (7) feed reservoir, (8) feed tank to keep the feed volume constant (9) 
temperature sensor, (10) permeate outlet, (11) jacket connected to cold thermostat and 
(12) jacket connected to hot thermostat [40]. 

 

Figure 3  Hypothetical vegetation waters (VW) industrial treatment process [38]. 
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Figure 4  Schematic flow diagram of the experimental set-up [45]. 
 

Several integrated membrane processes (a sequence of two UF processes followed by a 
final NF step or one step of UF followed by NF and RO, or MF followed by NF and 
osmotic distillation or vacuum membrane distillation) have been also proposed to achieve 
high levels of purification of OOMWs and a water fraction which can be discharged in 
aquatic systems or to be reused in the olive oil extraction process [43,46,47,54]. 
Experimental results confirm that the future direction of the processes for the recovery of 
antioxidants from OOMW will be toward the utilization of membranes in a sequential 
design. 

Micellar enhanced ultrafiltration (MEUF) treatment method for removal and 
concentration of polyphenols was developed, using an anionic surfactant (sodium 
dodecyl sulfate salt) and a hydrophobic poly(vinyldene fluoride) (PVDF) membrane [49]. 
Some of the schemes of the single or hybrid membrane processes are illustrated below in 
the form of Figs. 5-8.   
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Figure5  Ultrafiltration process T: feed tank, PC: Recycling pump, PA: Feed Pump, M: 
Ultrafiltration module adapted from reference [42]. 

 

Figure 6  Proposed process scheme for the recovery of water and phenolic compounds 
from OOMWs [46]. 
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Figure 7  Schematic representation of membrane bioreactor used for OOMW treatment 
[36]. 

 

 

Figure 8  Schematic flow diagram of pilot plant for OOMW treatment [41]. 
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Figure 9  Flowchart of OOMW treatment processes. 

 

In the above flowchart (Fig. 9), the activities carried out for the recovery, purification and 
concentration of polyphenols from olive mill wastewater are illustrated [43]. 

3.2 Palm oil mill wastewater 

Palm oil is one of the world’s most rapidly expanding equatorial crops. Indonesia and 
Malaysia are the two largest oil palm producing countries, but its by-product–palm oil 
mill effluent (POME), posed a great threat to the water environment. Palm oil processing, 
similar to other agricultural and industrial activities, raised environmental issues 
particularly water pollution, which adversely affects aquatic life and domestic water 
supply [55]. About half of the water used in the extraction process from the fresh fruit 
bunch results in highly polluting palm oil mille wastewater (POMW) as evident from Fig. 
10. POMW is a colloidal suspension of water (95-96%), oil (0.6-0.7%) and total solids 
(4-5%). It is non-toxic as no chemicals are added during oil extraction but has an 
unpleasant odor. It is highly polluting and characterized by low pH (average pH: 3.5–
4.2), enhanced biological and chemical oxygen demands (BOD3d, 30°C: 10–44 g/L, CODcr: 
16–100 g/L), increased salt content, and high suspended solids (SS: 5–54 g/L) [56]. The 
typical POMW characteristics are reported in the following Table 4 [57]. 
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Table 4  Characteristics of palm oil mill effluent [57]. 

Parameter 
Concentration 

(mg/L) 
Ammonical Nitrogen 35 

BOD 25000 
Boron 7.6 

Calcium 439 
COD 50000 

Copper 0.89 
Elements   

Iron 46.5 
Magnesium 615 
Magnesium 2 

Oil & Grease 4000 
pH 4.7 

Phosphate 180 
Potassium 2270 

SS 18000 
TDS 40500 

Total Nitrogen 750 
Total volatile solids 34000 

Zinc 2.3 

 

Figure 10  Flowchart of POME treatment using membrane technology [57]. 
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Figure 11  Sustainable development of palm oil mill with zero discharge using membrane 
technology [57]. 
 

The high content of suspended solids and organic matter in the effluent discharge can 
cause severe pollution of waterways due to oxygen-depletion and other related effects. 
POMW contains high concentrations of protein, carbohydrate, nitrogenous compounds, 
lipids and minerals that may be converted into useful materials using microbial processes 
[58].  

There is an urgent need to find a compromising way that will enable the balance between 
environmental protection and sustainable reuse of the nutrient sources found in the 
POMW (Fig. 11). 

Currently, POMWs are treated by conventional biological processes of anaerobic [59] or 
aerobic digestion [60]. Several researchers have proposed other biological treatment 
systems which include aerated lagoon system, conventional anaerobic digester, anaerobic 
contact process, up-flow anaerobic sludge blanket (UASB) reactor, close tank digester, 
trickling filter, aerobic lagoon system, aerobic rotating biological contactor and 
evaporation processes [55,61–63]. However, the proposed biological treatment systems 
are only confined to lab scale analysis. Moreover, the nutrient sources available in the 



315 

POMW cannot be effectively reused as a substrate in fermentation after the conventional 
treatment process has been adopted. 

Membrane separation technology is recognized as an efficient, economical, sustainable 
and reliable technology that exhibits high potential to be applied in POMW treatment. In 
the last decade, very few membrane processes were investigated. Ultrafiltration (UF) has 
been successfully developed from a useful laboratory tool to an industrial process. The 
main bottleneck of membrane separation is membrane fouling. Therefore, effective 
techniques of membrane cleaning need to be studied to mitigate membrane fouling. 

A two-stage pilot-scale plant was investigated for POMW treatment. Biodegradation 
constituted the first biological stage, while ultrafiltration (UF) and reverse osmosis (RO) 
membrane units were combined as the second membrane separation stage [56,61].  

 

Figure 12  Schematic diagram of a pilot plant for palm oil mill effluent treatment [56]. 

 

The investigation on the feasibility and suitability of the membrane separation technology 
in POME treatment was carried out extensively in a pilot plant (Fig. 12) with the capacity 
of 450 L/h [64,65]. Three designs of industrial scale membrane based POMW treatment 
plant were investigated and optimized for evaluation of performance and cost, in order to 
develop and design an industrial scale membrane plant suitable for a typical palm oil mill 
in Malaysia [61] (Fig. 13). 
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Figure 1  Process flow diagram of membrane based POME treatment system for design A 
[61]. 
 

Recently membrane bioreactors (MBRs) have been developed. However, high loading of 
MBR system was affected due to biofouling on the membrane surface. A treatment 
process is necessary to remove the high content of organics in POMW that would 
otherwise severely resulted in fouling of the membrane and to a shorter membrane life-
span (Table 5). Powdered activated carbon, zeolite, and Moringa oleifera were used as 
biofouling reducers (BFRs) and added into aerobic MBR [66]. 

A membrane anaerobic system (MAS) as depicted in Fig. 14 was investigated in order to 
treat POMW [67]. 
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Table 5  Membrane filtration systems used for pretreatment of POMW. 
 Filtration 

System 
Membranes 
(manufacturer) 

Material Cut-off Feed Ref. 

UF Dead-end DSS-GR61PP 
(Alfa Laval) 

PS 20000 
g/mol 

Pre-treated 
POMW 

[58] 

Dead-end DSS-GR70PP 
(Alfa Laval) 

PS 20000 
g/mol 

Pre-treated 
POMW 

[68] 

Dead-end DSS- GR81PP 
(Alfa Laval) 

PES 10000 
g/mol 

Pre-treated 
POMW 

[68] 

Dead-end DSS- GR95PP 
(Alfa Laval) 

PES 2000 
g/mol 

Pre-treated 
POMW 

[68] 

Cross-flow (PCI-Memtech) Ceramic 
Polymeric 

/ Pre-treated 
POMW 

[61] 

Cross-flow / / 200000 
g/mol 

/ [67] 

/ / / 100000 
g/mol 

Pre-treated 
POMW 

[56] 

/ / PVDF 200000 
g/mol 

Pre-treated 
POMW 

[57] 

R
O 

Cross-flow (PCI-Memtech) Polymeric / UF 
permeates 

[61] 

Cross-flow (PCI-Memtech) PVDF  Pre-treated 
POMW 

[69] 

/ ESPA-2 
(Hydranautics) 

/ / UF 
permeates 

[56] 

/ / TFC / UF 
permeates 

[57] 

Note: PES: polyethersulfone; PS: polysulfone; PVDF: polyvinylidene difluoride; TFC: 
thin-film composite. 

3.3 Dairy industry 

The dairy industry involves processing raw milk into products such as milk, butter, 
cheese, yogurt, condensed milk, dried milk (milk powder), and ice cream, using methods 
such as chilling, pasteurization, and homogenization. Water is used in all of the activities 
of the dairy industry, including cleaning, sanitization, heating, cooling, and floor 
washing. Consequently, nowadays, the dairy industry is considered the major source of 
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food processing wastewater in regard to its large water consumption [70]. The effluent is 
characterized by variable volumes, flow rates and organic matter content. Dairy 
wastewater (DW) is distinguished by the higher BOD and COD values along with high 
levels of dissolved or suspended organic components (whey proteins, lactose, fats, oils, 
grease and minerals), nutrients (ammonia or minerals and phosphates), and cleaning 
chemicals (acids, alkalis and detergents) [71,72]. DWs, therefore, require specialized 
treatments to meet effluent discharge standards and to reduce the risk of environmental 
problems such as eutrophication in rivers, lakes and coastal waters. 

 

Figure 14  Membrane anaerobic system [67]. 

 

The highly variable nature of dairy wastewaters in terms of volume and flow rates as well 
as in terms of the pH and suspended solids content makes it difficult to choose an 
effective wastewater treatment regime. Conventional dairy wastewater treatment plants 
mainly based on activated sludge processes that involve the aerobic microbial 
metabolism of fats, lactose and proteins [73], anaerobic treatments [74–77], coagulation 
[78,79], and ecological treatment system [80]. Recently, there is an emerging interest 
focused on the energy recovery from wastes; in this field, microbial fuel cells (MFC) are 
gaining promising interest and a bio-electrochemical treatment system along with 
bioelectricity generation was used with real field dairy based wastewater as substrate 
[81]. 

Membrane technologies applied in the dairy industry since the early 1970s have been 
considered promising to treat DWs in order to produce reusable water [82]. Ultrafiltration 
(UF) of dairy wastewater yields a high permeate flux at low transmembrane pressure, but 
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its permeate water is not reusable as it contains too much lactose [83]. Instead, 
nanofiltration (NF) and reverse osmosis (RO) permit the recovery of lactose and milk 
proteins for non-human consumption. In fact, the concentrate retentate could be 
precipitated by coagulation and reutilized as feed supplement for animals, or could be 
treated by anaerobic digestion to collect renewable energy sources (H2 and CH4). Thus, it 
is regarded as an economical and environment-friendly process for treatment of dairy 
wastewater. Permeate water obtained from NF/RO treatment of dairy wastewater can be 
discharged into river or reused, but with the increase of organic solutes and inorganic 
salts in retentate during a concentration process; concentration polarization and osmotic 
pressure increase rapidly, leading to a large flux decline. Consequently, the advantages of 
membrane filtration in wastewater treatment are adversely affected by concentration 
polarization and subsequent membrane fouling as these factors cause flux decline and 
permeate quality deterioration. One of the principal limitations on the optimal 
performance of membrane processes is membrane fouling, which leads to a decrease in 
membrane flux with time.  

Milk proteins, lactose and mineral salts present in DW are the possible ingredients of 
fouling layer on/in NF membranes [84]. In particular, available data on the 
electrophoretic mobility of α-lactalbumin and β-lactoglobulin allowed to suggest that 
serum proteins would also participate in the flux variations with a possible specific 
impact of α-lactalbumin as an internal foulant in UF [85].  

Membrane selection and operating conditions have been important issues in minimizing 
membrane fouling. To control the fouling and to improve the productivity and life of 
membranes, use of coagulant and adsorbent before membrane application were done in 
primary and secondary effluent treatments [72]. Frappart et al. [86] confirmed the high 
potential of high shear dynamic filtration in reverse osmosis due to a minimization of 
concentration polarization, resulting in higher permeate fluxes and better solute rejection 
than with cross-flow filtration modules equipped with the same membrane. 

Another problem related to NF/RO treatment of dairy wastewater is the difficulty of 
nutrient recovery. That is, because cleaning chemicals contained in dairy wastewater, are 
all retained by NF/RO membranes, contaminate the nutrients (lipids, proteins and 
lactose), and lipids have a negative impact on anaerobic digestion because these are 
difficult to degrade and thus plug the sludge bed [87]. A two-stage UF/NF process was 
proposed for utilization of whey protein and lactose, as proteins were retained by UF 
membrane and lactose in UF permeate was concentrated by NF [88]. For dairy 
wastewater treatment, a similar approach was also applied [89,90]. This approach could 
simultaneously eliminate pollution, produce reusable water, and recycle waste. 
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In the dairy industry, the use of acid, alkaline cleaners and sanitizers affects wastewater 
characteristics and typically results in a highly variable pH, which will bring an impact 
on the wastewater on-line treatment (Fig. 15). The effect of pH on the treatment of dairy 
wastewater by nanofiltration was investigated by Luo & Ding [91] using a rotating disk 
membrane module. The role of calcium and inorganic phosphate over the wide pH range 
was discussed by taking calculated salt equilibrium of milk as a function of acidic pH 
[85]. 

There is a growing interest in combining membranes with biological wastewater 
treatment. The membrane bioreactors (MBR) offer distinct advantages over traditional 
biological processes: higher biodegradation efficiency, smaller footprint, better quality of 
treated water, the absolute control of solids and hydraulic retention time, retention of all 
microorganisms and viruses, and easy control of operating conditions [92]. In Table 6, 
the membrane treatments used for dairy wastewater are summarized. 

Table 6  Membrane treatment used for dairy wastewater. 
 Filtration 

System 
Membrane 
(manufacturer) 

Material Cut-off Feed Ref. 

MF Cross-flow (Orelis) Ceramic 0.45 μm Pre-
treated 
DW 

[72] 

UF Dead-end  (Millipore 
Corporation) 

Cellulose acetate 1 kDa 
10 kDa 

Pre-
treated 
DW 

[72] 

Dead-end UP005P 
(Microdyn-Nadir) 

PES 5 kDa Model 
DW 

[89] 

Dead-end UH030P 
(Microdyn-Nadir) 

PES 30 kDa Model 
DW 

[89] 

Dead-end Ultracel PLGC 
(Millipore) 

Regenerated 
cellulose 

10 kDa Model 
DW 

[89] 

Cross-flow HFK-131 (Koch) PES 150-300 
g·mol−1 

Skim 
milk 

[85] 

Cross-flow 
(integrated 
into a Jet 
Loop MBR) 

(Jiuwu Hitech, 
Chinese) 

Ceramic 
(Al2O3/ZrO2) 

50 nm DW [92] 

Rotating disk 
membrane 

UP005P 
(Microdyn-Nadir) 

PES 5 kDa Model 
DW 

[93] 
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Rotating disk 
membrane 

P010F 
(Microdyn-Nadir) 

PES 10 kDa Model 
DW 

[93] 

Rotating disk 
membrane 

P020F 
(Microdyn-Nadir) 

PES 20 kDa Model 
DW 

[93] 

Rotating disk 
membrane 

UH030P 
(Microdyn-Nadir) 

Permanently 
hydrophilic PES 

30 kDa Model 
DW 

[93] 

Rotating disk 
membrane 

UH050P 
(Microdyn-Nadir) 

Permanently 
hydrophilic PES 

50 kDa Model 
DW 

[93] 

Rotating disk 
membrane 

PES50 
(Microdyn-Nadir) 

PES 50 kDa Model 
DW 

[93] 

Rotating disk 
membrane 

US100P 
(Microdyn-Nadir) 

Permanently 
hydrophilic PS 

100 kDa Model 
DW 

[93] 

NF Dead-end (Permionics Pvt.) PA/PE 300 Da Pre-
treated 
DW 

[72] 

Dead-end NF 270 (DOW-
Filmtec) 

PA 150 Da UF 
permeates 

[89] 

Dead-end NF 90 (DOW-
Filmtec) 

PA 90 Da UF 
permeates 

[89] 

Dead-end Nanomax 50 
(Millipore) 

PA 400 Da  UF 
permeates 

[89] 

Dead-end Desal-5 DL (GE 
Osmonics) 

PA 327 Da UF 
permeates 

[89] 

Dead-end Desal-5 DK (GE 
Osmonics) 

PA 225 Da UF 
permeates 

[89] 

Cross-flow Desal-5 DL 
(Osmonics) 

PA 5-10 
kg·mol−1 

Skim 
milk 

[85] 

Cross-flow TFC-SR3 (Koch) PA 200 Da Skim 
milk UF 
permeates 

[94] 

Cross-flow NF 90 (DOW-
Filmtec) 

PA 100 Da Biologica
lly pre-
treated 
DW 

[95] 

Cross-flow Desal-5 DL (GE 
Osmonics) 

PA 150-300 
Da 

Biologica
lly pre-
treated 

[95] 
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DW 
Cross-flow FM NP010 

(Mycrodin-Nadir 
GmbH) 

PES 1000 Da Biologica
lly pre-
treated 
DW 

[95] 

Cross-flow NF 270 (DOW-
Filmtec) 

Semiaromatic 
piperazine-based 
PA 

200-300 
Da 

Biologica
lly pre-
treated 
DW 

[95] 

Rotating disk 
membrane 

NF270 (DOW-
Filmtec) 

PA/PS ~ 270 Da Model 
DW 

[84,9
1,96,
97] 

RO / Duratherm HF 
(GE Water & 
Process 
Technologies) 

Composite / Pre-
filtered 
low-
pollutant 
DW 

[98] 

Dead-end (Permionics PVt.) PA/PE / Pre-
treated 
DW 

[72] 

Dead-end (Osmonics) Spiral-wound 
cellulose acetate 

/ MF 
permeates 

[72] 

Cross-flow TFC HR SW 
2540 

Spiral-wound 
composite 
(TFC)/PA 

/ DW [99] 

Cross-flow TFC HR (Koch) Spiral-wound 
composite 
(TFC)/PA 

/ Skim 
milk 

[85] 

Cross-flow TFC (GE 
Osmonics) 

Aromatic PA-urea / NF 
permeates 

[95] 

Shear-
enhanced 

Desal AG 
(Osmonics) 

PA/PS / Model 
DW 

[86] 

 
Note: PA: polyamide; PE: polyester; PES: polyethersulfone; PS: polysulfone; TFC: thin-
film composite. 
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Figure 15  Schematic diagram of a two-step UF/NF process for dairy wastewater 
treatment and utilization for biorefinery processes [89]. 
 

3.4 Tomato-processing wastewater 

The tomato industry produces huge amounts of wastewater effluents during tomato 
manufacturing. Tomato-processing wastewaters generally contain high organic content 
along with sufficient particulate and colloidal fractions that are not only slowly 
biodegradable but also exhibit very poor settling characteristics [100]. The wastewater 
stream produced during tomato manufacturing is characterized by dark color, bad smell, 
and high content of organics, as well as suspended solids particles. The concentration of 
pollutants in the effluent can vary considerably with time and space due to the changes in 
the harvested fruit composition and season. A discharge in the municipal sewage system 
of these streams is not directly possible because of the high organic contents exceeding 
the legally tolerated limits [101]. 

Recently, a process consisting of a biological pretreatment step and a batch nanofiltration 
process step was developed [101]. The spiral-wound module used for the separation step 
was a thin-film composite Desal-5 membrane (model DK2540) produced and supplied by 
Osmonics. Results showed that membrane processes can be successfully used to purify 
wastewater streams when operated at pressures far away from fouling conditions. 

3.5 Fish-processing wastewater 

Fish processing requires large amounts of water, primarily for washing and cleaning 
purposes, but also as media for storage and refrigeration of fish products before and 
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during processing. In addition, water is an important lubricant and transport medium in 
the various handling and processing steps of bulk fish processing. Consequently, fish 
processing operations produce wastewater, which contains organic contaminants in 
soluble, colloidal and particulate forms. Depending on the particular operation, the degree 
of contamination may be small (e.g., washing operations), mild (e.g., fish filleting), or 
heavy (e.g., bloodwater drained from fish storage tanks). In fishery wastewater the 
contaminants present are undefined mixtures of mostly organic substances. Moreover, it 
is difficult to generalize the extent of the problem created by this wastewater as it 
depends on the effluent strength, wastewater discharge rate and the absorbing capacity of 
the receiving water body [102]. Generally fish-processing and seafood-processing units 
release food waste with high content of organic nitrogen which is easily biodegradable 
[103].  

Fish processing wastewaters have been treated using physical-chemical methods and 
biological treatments where microorganisms are involved in degradation of organic 
matter or a combination of both biological and chemical techniques [102,104–107]. 

A limiting factor for reuse of treated fish canning wastewater in industrial plants and 
other purposes is the high salt content, which persists even after conventional treatment. 
So, for the reuse of fish canning industrial wastewater, it was treated by combining 
conventional treatments, such as sedimentation, chemical coagulation-flocculation and 
aerobic biological degradation (activated sludge process) followed by a polishing step by 
reverse osmosis (RO) and ultraviolet (UV) disinfection. The final clarified effluent was 
found to have the quality requirements to be recycled or reused in the industrial plant, 
allowing the reduction of the effluent to be discharged, the water use and the costs of tap 
water for industrial use [104]. 

It is clear that the modern trend is to remove the polluting species from processing waters 
by various pressure-driven membrane techniques either integrated or not with other 
processes. Cross-flow MF is used in pre-treatment step for removal of suspended matter 
and during UF step, the proteins are concentrated. However, for complete recovery of 
proteins, NF step is required [108,109]. 

Also, the MBR technology is an attractive option for the treatment of such industrial 
wastewaters [110,111]. The experimental results have strongly confirmed the efficiency 
of the MBR, with good removal efficiencies in terms of BOD5 and COD [103]. A new 
pilot-scale hybrid biofilm-suspended biomass membrane bioreactor was used to treat two 
wastewater streams generated in a fish canning factory [111]. 
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3.6 Distillery wastewater 

Distillery spent wash is the unwanted residual liquid waste generated during alcohol 
production in distilleries and the pollution caused by it is one of the most critical 
environmental issue. There are a number of large-scale distilleries integrated with sugar 
mills. The waste products from sugar mill comprise bagasse (residue from the sugarcane 
crushing), pressmud (mud and dirt residue from juice clarification) and molasses (final 
residue from sugar crystallization section). Bagasse is used in paper manufacturing and as 
fuel in boilers; molasses as raw material in distillery for alcohol production while 
pressmud has no direct industrial application. The major sugar producing countries are 
listed in Table 7. 
 

Table 7  Major sugar producing countries. 

Period Production 
(MT) 

Export 
in (MT) 

Population 
(millions) 

Per capita 
consumption 

Brazil  34 21.95 190 58 
Australia  6.83 4.750  20 47 
China  16.79 - 1 314 11 
EU 21.567 2.400  490 34 
India  30.8 3.298  1 117 20 
Mexico  5.978 1 107 52 
Pakistan  4.891 - 165 25 
SADC 5.834 2.8 157 22 
Thailand  8.033 6.25 65 36 
United States 8.701 - 301 29 

Note: MT: metric tonn; SADC: Southern African Development Community 

 

3.7 Molasses spent wash 

The effluents from molasses based distilleries contain large amounts of molasses spent 
wash (MSW) leading to extensive soil and water pollution. MSW is one of the most 
difficult waste products to dispose of because of low pH, elevated temperature, high 
concentrations of organic and inorganic substances, colorants (melanoidin, phenolics, 
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caramel and melanin), polymers with relatively low biodegradability [112], and high ash 
content. The BOD and COD values typically ranged between 35000–50000 and 100000–
150000 mg/L, respectively [113]. The production and characteristics of spentwash are 
highly variable and dependent on feedstocks and various aspects of the ethanol 
production process. Together with its pollution and toxic profile, MSW has been widely 
reviewed [113–115]. The MSW is a potential water pollutant in two ways. First, the 
highly coloured nature of MSW can block out sunlight from rivers and streams, thus 
reducing oxygenation of the water by photosynthesis and hence becomes detrimental to 
aquatic life. Secondly, it has a high pollution load which would result in eutrophication of 
contaminated water bodies. Moreover, undiluted effluent has shown toxic effect on fishes 
and other aquatic organisms. MSW also leads to significant levels of soil pollution and 
acidification in the cases of inappropriate land discharge. 

Elimination of pollutants and color from distillery effluent is becoming increasingly 
important from environmental and aesthetic point of view. Stillage, fermenter and 
condenser cooling water and fermenter wastewater are the primary polluting streams of a 
typical distillery. Due to the large volumes of effluent and presence of certain recalcitrant 
compounds, the treatment of this stream is rather challenging by conventional methods. 
Therefore, to supplement the existing treatments, a number of studies encompassing 
physicochemical and biological advanced treatment processes have been conducted 
[113–116].  

Membrane processes can result in significant color removal thereby permitting reuse of 
the treated effluent [117,118]. MSW can be pre-treated with ceramic membranes prior to 
anaerobic digestion to reduce COD and improve the efficiency of the anaerobic process 
possibly due to the removal of inhibiting substances (Fig. 16). Reverse osmosis (RO) has 
also been employed for distillery wastewater treatment. Since spent wash is a complex, 
multicomponent stream that is known to cause considerable fouling, an understanding of 
the components those are primarily responsible for this phenomenon would assist in 
appropriate feed pre-treatment, for the efficient operation of the membrane system. For 
this reason, some of the membrane processes developed in last decade are summarized in 
Table 8. 
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Table 8  Membrane processes used in hard drinks industries. 

 
Filtration 
System 

Membranes 
(manufacturer) Material Cut-off Feed Ref. 

UF / TFC-PA 
(Permionics) / / Distillery 

effluent [119] 

NF / / 
Composite 
polyamide / 

Pre-treated 
distillery 
effluent 

[120] 

RO 

/ (Permionics) / / UF 
permeates 

[119] 

/ 

ESPA2 
(Hydranautics) 
LFC3 
(Hydranautics) 
CPA2 
(Hydranautics) 
BW30 (Filmtec) 
BW30LE (Filmtec) 
SG (Osmonics) 
SE (Osmonics) 
CE (Osmonics) 

/ / 
Pre-treated 
distillery 
effluent 

[121] 

 

MBR / Polymeric / Synthetic 
wastewater [112] 

MBR 
equipped 
with filters 
prepared 
from waste 
fly ash 

/ / / 
Pre-treated 
distillery 
effluent 

[122] 

MBR 
equipped 
with a 
mesh filter 

/ / / Distillery 
effluent [123] 
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Figure 16  Schematic diagram of the HT-MBR system [112]. 
 

3.8 Winery wastewater 

Wineries and other grape-processing industries are important distillery industries. These 
industries generate large volumes of wastewater annually [124]. Wine distillery 
wastewater, or vinasse, is produced by the distillation of wine, wine lees, or fermented 
grape juice to extract ethanol or flavor compounds. The winery wastewaters mainly 
originate from various washing operations during the crushing and pressing of grapes, as 
well as rinsing of fermentation tanks, barrels, and other equipment as illustrated in Fig. 
17 [125]. Winery wastewater contains various pollutants such as sugars, ethanol, esters, 
glycerol, organic acids, polyphenolic compounds, and numerous population of bacteria 
and yeasts [126]. The chemical analysis of winery wastewater has indicated that sugars 
constituted large portion of the COD, whereas organic acids played a more prominent 
role in the acidity of the wastewater. Due to the acidity, color, and high COD, this 
wastewater is treated prior to discharge, in order to avoid eutrophication of the receiving 
environment. Cleaning agents (NaOH, KOH) could be present in winery wastewaters. 
Numerous phenolic compounds are present in wines as a result of their extraction from 
the skin, flesh, and seeds of grapes. Phenolic compounds, though form a relatively small 
portion of the wastewater, offer great negative effects upon treatment systems as well as 
environmental damage if released untreated. The inhibitory effects of wine distillery 
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wastewater on plant growth can be attributed to the high percentage of organic 
compounds and salts, and thus high electrical conductivity of winery wastewater makes 
water uptake by seeds difficult and causes retardation of germination. Consequently, 
winery effluents are environmentally undesirable and require appropriate treatment. On 
the other hand, such effluents are valuable source for the recovery of polyphenols. As a 
result, numerous methods have been reported to treat or dispose of the phenolic-rich 
wastes that originate from wineries and distilleries. Among treatment methods, physical 
and chemical processes (such as filtration, oxidation by ozone, chlorine dioxide, 
hydrogen peroxide, and radiation as well as adsorption) and biological treatment 
technoques (including aerobic or anaerobic digestion) have been most popular [8,124–
129].  

 

Figure 17  Schematic of process used in winery wastewater treatment [125]. 
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Table 9  Membrane processes applied in winery wastewater treatment. 

 
Filtration 

System 
Membranes 

(manufacturer) 
Material Cut-off Feed Ref. 

MF 

Total 
recirculation 

mode 

V0.2 (Synder 
Filtration) 

PVDF / Winery 
effluents from 

second 
racking 

[132] 

Total 
recirculation 

mode 

MFP5 (Alfa 
Laval) 

Fluoro 
polymer 

/ Winery 
effluents from 

second 
racking 

[132] 

Concentration 
mode 

(PAM 
Membranas 
Seletivas) 

PI / Winery 
effluents from 

second 
racking 

[132] 

UF 

Total 
recirculation 

mode 

GR95PP (Alfa 
Laval) 

/ 7600 
Da 

Winery 
effluents from 

second 
racking 

[133] 

NF 

Total 
recirculation 

mode 

CA 400-22,  CA 
400-26, 

CA 400-28 
(Laboratory 

made) 

Cellulose 
acetate 

/ UF permeates [134] 

Total 
recirculation 

mode 

NF270 (Filmtec 
Corp.) 

/ / UF permeates [134] 

Total 
recirculation 

mode 

ETNA01PP 
(Alpha Laval) 

/ / UF permeates [134] 

RO 
/ AG2521TF 

(Desal) 
PA / Pre-treated 

winery 
wastewater 

[130] 

Note: PA: polyamide; PI: polyimide; PVDF: polyvinylidene difluoride. 
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Biological treatment is particularly well suited to the treatment of winery wastewater, 
because the majority of the organic components present in the waste stream are readily 
biodegradable. Nevertheless, pollutants in winery wastewater like various recalcitrant 
high molecular weight compounds (e.g. polyphenols, tannins and lignins) are not 
mineralized by the biological treatment [130]. 

Consequently, other technologies for more exhaustive winery wastewater treatment must 
be applied to reach effluent quality standards for discharge in the environment. 
Membrane separation processes are becoming quite popular in wastewater treatment and 
reclamation since these combine process stability and excellent effluent quality. 

Since winery effluents are rich in phenolic compounds, membrane treatments were 
applied with the aim of both reducing polluting compounds and recovering high-added 
values phenols. Beyond the application of UF for the fractionation of phenolic 
compounds and their separation from other co-extracted components in winery sludge 
[131], membrane processes as shown in Table 9 have been applied to winery 
wastewaters. Among these, reverse osmosis (Fig. 18) followed by solar photo-Fenton 
oxidation of the RO concentrate proved to be most successful combined process for the 
integrated treatment of winery effluents [130]. 
 

 

Figure 18. Flow diagram of RO unit [130]. 
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(a)  

 

 

(b) 

Figure 19 (a,b)  Development of a process to treat winery effluent and recover 
polyphenols and polysaccharides [133,134]. 
 

Another important enzymatic activity in wine making and especially in wine clarification 
process is pectinases. Free enzyme membrane reactor (FEMR) is the main membrane 
bioreactor configuration used in wine clarification. The soluble enzyme is confined to the 
retentate side of the membranes where it is in contact with the substrate. In the following 
Table 10 some examples and membrane materials applied for the hydrolysis using 
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pectinases are reported. These applications are referred both to the wine and fruit juice 
treatments as described in Fig. 19(a,b).  

Table 10  List of biocatalysts and membrane materials used in wine production. 
Biocatalyst  Membrane  Bioreactor 

configuration  
Application Reference 

pectin lyase from 
Penicillum 
italicum 

 STR with an 
ultrafiltration 
unit 

-- [144] 

polygalacturonase 
from A. niger 

30 kDa flat 
regenerated 
cellulose 
membrane 

STR with an 
ultrafiltration 
unit 

-- [145] 

Polygalacturonase 
and pectin lyase 
from A. niger 

Spiral wound 
polysulfone 
membrane (10 
kDa)  

STR with an 
ultrafiltration 
unit  

-- [146] 

Endo-
polygalacturonase 
from Aspergillus 
pulverulentus 

Amicon 10 
kDa  

STR with an 
ultrafiltration 
unit 

Production of 
pectic 

oligosaccharides 

[147] 

Polygalacturonase 
from A. niger 

Titania 
microfiltration  

Biocatalytic 
membrane 
reactor  

Pre-treatment of 
fruit juice 

([148] 

Amylase and 
pectinase  

Polysulfone 
single-hollow 
fiber 

Biocatalytic 
membrane 
reactor 

Fruit juice 
processing 

[149] 

Commerical 
pectinase  

Hollow fiber 
ultrafiltration  

Biocatalytic 
membrane 
reactor 

Fruit juice 
processing 

[150] 

Endopeptidase 
from A. niger 

10 kDa Spiral 
wound 
polysulfone   

STR with an 
ultrafiltration 
unit 

Apple pectin 
hydrolysis 

[146] 

 

Membrane treatment methods have been investigated to remove heavy metals. Indeed, in 
most cases of winery effluent, the heavy metals, especially zinc and copper, did not meet 
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the limits for the discharge as imposed by the most restrictive regulations at international 
level [135]. 

Winery wastewaters have different compositions and hence are difficult to treat by means 
of the conventional activated sludge processes because of the high organic loading 
associated with their production. To face this situation, membrane bioreactors (MBR) 
have been widely applied to treat winery wastewaters since 2007 [129,136–143]. MBR 
offers several benefits, such as rapid start-up, good effluent quality, low footprint area, 
and absence of voluminous secondary settler. Additionally, its operation is not affected 
by the settling properties of the sludge.  

Cell immobilization is rapidly expanding research area. The main purpose to use this 
technique is to improve wine production. Many supports (inorganic, organic and natural 
materials) have been used for cell immobilization in this field. Some of the supports and 
their main applications have been listed in Table 11.  

Table 11  Porous supports used in wine production processes. 

Support Immobilized 
cell 

Application System 
configuration 

Reference 

Inorganic 
support 

Mineral kissis Saccaromices  Aroma 
improvement 

Batch and 
continuous 
wine-making 

[151] 

γ- aluminium Saccaromices  Continuous 
wine-making 

[152] 

Organic 
support 

Cellulose 
covered with 
Ca-alginate  

Saccaromices 
and Candida  

Enhance 
glycerol 
formation in 
wine 

 [153] 

Ca-alginate 
beds 

Saccaromices Must 
fermentation 

Immobilized 
cell-recycle 
batch 
process 

[154] 

Natural 
support 

Delignified 
cellulose  
Gluten pellets 

Saccaromices Fermentation 
Production 
of wine with 
less alcohol 
content 
 

     - [155,156] 
 
[153,157] 
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Compared with organic supports, inorganic supports have been more advantageous, 
because of providing improved fermentation productivity and in most cases better wine 
aroma [158]  

Conclusions 

Membrane applications for the treatment of agro-industrial wastewater focuse on 
separating water from contaminants, using semi-permeable membranes under applied 
driving forces. Pressure is applied to reverse the natural equilibrium between the clean 
water and wastewater. The basic principle of natural equilibrium is that the clean water 
tends to migrate to the wastewater side to equalize the concentrations across the 
membrane. Mechanical pressure is used to force water molecules from the wastewater 
side to the clean water side and, thus, a "high-tech" filtration of the wastewater occurs. In 
this way, the pollutants can be separated in terms of process intensification strategies. In 
the past, the energy needed to apply the pressure and the fragility of the membrane 
surface made use of these alternatives economically unjustifiable. But due to stringent 
regulation before waste discharge forcing the industry to opt for the advanced treatment 
mechanism. Various industries have opted as discussed but still there are gaps between 
fundamental research and application in real life of membrane application in pollution 
remediation. Also problems with membrane applications include fouling and fragility of 
the membrane surface. Toxic synthetic compounds can oxidize the surface of the 
membrane and thus are injurious to membranes. Innovations in membrane technology 
have advanced the "cleanability" and research on reuse of membranes. The suitability of 
stainless steel and ceramic materials for membranes has greatly improved the use of these 
materials in developing advanced wastewater treatment techniques. 
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Photocatalytic Membrane Reactor
for Sustainable Environmental Remediation
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Keywords
Photocatalysis � TiO2 �Membrane reactor � Environmental remediation � Pharmaceuticle
waste � Nanocatalyst

1 Introduction

The photo mineralization of organics by semiconductor
photocatalysts is an area of intensive research, ideally the
end products of these processes should be carbon dioxide,
water, and inorganic mineral salts, which have a minimum
environmental impact. Waste discharge from pharmaceutical
industries is a major source of water pollution and is
increasing day by day (Giraldo et al. 2010). Due to stringent
environmental regulations it is necessary to remove the
active component from the waste discharge before throwing
it into the environment. In addition and to avoid the con-
tamination of natural water bodies by residual pharmaceu-
tical waste compounds, pretreatment to degrade these
compounds in municipal and industrial effluents is needed
before their release into the environment described by chen
and chu (2012) and also Elmolla and Chaudhuri (2010). In
this work, the degradation of aqueous solution of
chlorhexidine digluconate (CHD), an antibiotic drug, by
heterogeneous photocatalysis was studied using supported
TiO2 nanoparticle. The major concern of this study is to
bring down the limitations of suspension mode heteroge-
neous photocatalysis by the implementation of immobilized
TiO2 with the help of porous membrane which was briefly
mentioned by Dasgupta et al. (2015), Sarkar et al. (2015).

The degradation by heterogeneous photocatalysis using
TiO2 nanoparticles immobilized on membranes surface was
thoroughly studied previously by Dasgupta et al. (2015),
Laera et al. (2011) as well as by Zhang et al. (2010). Poly-
meric hollow fiber membranes were functionalized and
modified at room temperature with the aim of degrading
pharmaceutical model contminant CHD under UV irredia-
tion mentioned by Achilleos et al. (2010), Das (2014). The
progress of the reaction was monitored by absorbing and
measuring the reduction in COD and TOC throughout the
experiment. The adsorption study has shown good confir-
mation with Langmuir isotherm and during the reaction at
initial stage, it followed pseudo-first-order reaction. In this
study, the photocatalytic treatment of the pharmaceutical
CHD was carried out at a higher concentration level
(� 1500 mg�L−1) using the photocatalyst TiO2 in the pres-
ence of UV irradiation. Finally, the present study confirmed
that there is a significant effect of adsorption on photocat-
alytic degradation. The membranes used degradad signifi-
cant amount of Chlorhexidine digluconate, showcasing the
potential of membranes for purification of pharmaceutical
wastewater.

2 Materials and Methods

Two catalyst systems of titanium dioxide photocatalyst
nanopowder (pure anatase, 637254) of particle size <25 nmand
specific surface area 45–55 m2�g−1(Cat1) and AeroxideP25
(mixture of rutile and anatase, 718467) of particle size 21 nm
with surface area (BET) 35–65 m�g−1(Cat2) from
Sigma-Aldrich, were used. Chlorhexidine digluconate solution
(20% w/v, from Sigma-Aldrich) was used to prepare the simu-
lated solutions to standardize the analytical process. A batch
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photoreactorwas used for the treatment of synthetic wastewater.
The reactor comprises a chamber (17 cm � 17 cm � 17 cm)
with UVA lamp (10 W) from the top of the reactor and a
magnetic stirrer to ascertain the proper mixing of the reaction
solution and even distribution of UV irradiation to the catalyst
system. The distance of sample solution (upper surface) to the
radiation source maintained during the photodegradation pro-
cess was 7 cm, and the reaction solution thickness was 3 cm.
The UV light intensity was controlled with an external con-
troller, and the inside intensity wasmeasured using a solar UVA
meter (TM 208, Tenmars, Taiwan).

3 Results and Discussion

3.1 Adsorption Behavior of CHD
on to the Catalyst System

The extent of the adsorption for substrate molecules on to
the catalyst surface controls the rate of the photo degradation
process. Adsorption behavior changes with the nature of the
catalyst system, respective surface properties, and avail-
ability of the substrate on to catalyst surface. Results show
about 6.8% more adsorption of CHD for AeroxideP25 (Cat2)
as compared to pure anatase (Cat1). This is probably due to
the contribution of higher negative charges of the rutile
phase compared to pure anatase in AeroxideP25. In the
mentioned range of experimental process conditions for
photo-degradation, maximum adsorption of CHD was
observed, about 29.8% for AeroxideP25(Cat2) and 27.8%
for pure anatase (Cat1) at pH 10.5. Figure 1 illustrates the
effect of the substrate to catalyst ratio (S/C value) on the
degradation behavior of the CHD for the Cat1 system. The
figure shows the removal percent of CHD at different
medium pH under UV irradiation of 50 lW�cm−2. A de-
creasing trend of the removal efficiency with increasing S/C
value could be observed from the figure. A regression
analysis was done to correlate the percent removal of CHD
with the substrate to catalyst ratio (S/C value) which helps
theoretically to predict the percent removal of CHD under an
optimized set of reaction parameters for a chosen S/C value.
In the pH range under investigation, the removal percent of
CHD followed a second-order fitting with R2 values ranging
from 0.95 to 0.98.

3.2 Effect of UV Intensity

At a given wavelength, UV intensity determines the extent
of radiation absorbed by the semiconductor catalyst. The rate
of initiation of photocatalysis, the electron hole formation in
the photochemical reaction is strongly dependent on the UV
intensity. The light intensity distribution within the reactor

also was reported to invariably determine the overall sub-
strate conversion and degradation efficiency. The effect of
UV intensity on the CHD removal percentage has been
highlighted in Fig. 2 under constant S/C value and medium
pH. In this study, CHD removal efficiency was found to
increase with increasing intensity from 50 to 80 lW�cm−2

which is likely because of enhanced formation of an electron
hole, facilitating the photocatalytic degradation. Under such
a condition, electron hole recombination is insignificant.
Thus, the initial increase in degradation probably results
from the generation of more electron hole pairs, which
ultimately produce the reactive species. The decreasing
value of the CHD removal at 125 lW�cm−2 could probably

Fig. 1 Effect of contaminating substrate to catalyst ratio (S/C) and
solution pH on percent removal of CHD

Fig. 2 Effect of UV intensity on the removal efficiency of CHD at
fixed pH and S/C value
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be explained on the basis of an increased rate of hole elec-
tron recombination rate under high UV-radiant flux.

4 Conclusion
This study highlights the feasible application of a TiO2

photocatalyst-based process for the treatment of a phar-
maceutical compound CHD, in pharmaceutical wastewater
in a batch slurry photoreactor. The monitoring of the
degradation profiles for CHD concentrations revealed that
the proposed system is capable of treating CHD and can
reduce the toxicity level of the treated wastewater being
disposed. Under optimum reaction conditions, about
68.2% removal of CHD was achieved after 1 h reaction
time. The antimicrobial susceptibility test was also per-
formed to assess the final toxicity level of the reaction
products, which gave negative a response suggesting a safe
eco friendly discharge to the atmosphere. The outcomes
from this study indicated that the TiO2 based system has a
high potential to be utilized as a sustainable treatment
system for pharmaceutical wastewater containing CHD.
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CHAPTER i7 

MEMBRANE FABRICATION AND 

EXPERIMENTAL SET UP 

_______________________________________________________________________________ 

 

The ichallenge iin ithe ifabrication iof ilow-cost imembranes irelates ito ithe iobtainment iof istructures ithat iexhibit ithe 

iappropriate imicro-scale ipore istructures ito ieffectuate ipollutant iseparation iwhile imaintaining isufficient imass 

itransport iand imechanical irobustness. iNumerous imaterials iand iprocessing iapproaches ihave ibeen iexamined ito 

iachieve ithis iaim iusing ilow-cost ifeedstock, iincluding iunprocessed iminerals, iclays, iand iash. The main 

difference between the low cost materials are their composition which has already been described in different 

section of this chapter. iThe imicrostructures, idurability, iand ifiltration iperformance iof imembranes ifabricated 

ifrom iimpure iraw imaterials isourced idirectly ifrom imineral ideposits ior iwaste istreams ican ibe isignificantly 

ialtered ithrough ithe iuse iof ipore iformers, ibinders, ifluxes, iand iother iadditives. iThe idesign iof iappropriate 

iprocessing itechniques, iincluding ithermal itreatment, ifurther igoverns ithe iefficacy iof ithe iobtained imembranes 

iand iinfluence ioverall isystem. iTo idate, ithe ichallenges ifacing ithe idevelopment iof iceramic ifiltration imembranes 

iin ilow-cost iprocesses ihave inot ibeen icomprehensively ireviewed. iSome iissues irelating ito ithe idesign iand 

ifabrication iof idiverse ikaolin-based imembranes iwere ipresented iin, iwhile ithe ipreparation iand iapplication iof 

ilow-cost isupport imembranes ihave ibeen idiscussed ielsewhere. iIn ithis ichapter, iwe ipresent ithe ifabrication iof 

idifferent iceramic imembrane iduring idifferent iphase iof imy iPh.D. ias iwell ias ithe iway iwe iimplemented ithe 

imembrane ifor ithe iwastewater itreatment ifrom idifferent iindustry. i 

 

7.0 i Membrane ifabrication iplan i 

In ithe ifirst ipart iwe iwill ipresent ithe iwork idone iin iIndia ifor ithe ifabrication iof iKaolin iclay imembrane. iTheir 

iCharacterization iand iapplication ifor iremoval iof iacetic iacid isolution iwill ialso ibe idiscussed. iDue ito ithe iconflict 

iof iinterest iand iconfidentiality iit iis inot ipossible ito ipresent iall ithe istudy ias ithe iproject iwas ia ipart iof ifunded iby 

idefence iresearch iin iIndia. 

 

In ithe isecond ipart, iMembrane iwith inatural igeopolymer iwas ifabricated iand icharacterized. iActive icarbon(AC) 

iwill ibe iintroduced iwith ithe iceramic imatrix ito iincrease ithe imechanical istrength iand ialso iperformance 

iefficiency. iThe ielaboration iof imicrofiltration iand iultrafiltration imembranes isupported iby igeopolymer iand 

imixed iwith iAC iwas iapplied ifor ithe itreatment iof itextile idye. iArtificial isolar isimulator iwill ibe iused ito ireproduce 

ithe itechnology iof iphotocatalytic ireactor iin iline iof irenewable ienergy iutilization ifor iwater itreatment. 
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 iIn ithe ithird iphase iin iTunisia ithe ilow icost isupport imembrane imade iof ia inatural iclay iTurkish izeolite ipowder. 

iThe iclay isupport iand itheir imain iproperties iwill ibe idiscussed iand iperformance iwill ibe ianalysed iby iindustrial 

iwastewater itreatment. iIn iall ithe iabove icases ifiltration itests iwere iperformed iby imeans iof ithese imembranes. 

 

7.1 iMaterials 

Phase iI i(India) 

For ifabrication iof iceramic imembranes, iα-alumina ipowder iwith ia ipurity iof i99.6% iwas isupplied iby 

iIndian iAlumina iCompany. iKaolin iclay iwas ipurchased ifrom ithe iZenooz imine, iTabriz, iIran. iNatural 

izeolite ipowder iwas iprovided ifrom iSemnan imines, iIran. iThe iresults iof ichemical ianalysis iof ikaolin 

iclay, inatural izeolite iand iα-alumina ipowder iare ipresented iin iTable i7.1. iTritton iX-100 iwas isupplied iby 

iMerck iCompany, iGermany. iAlso, idistilled iwater iwith ia iconductivity iof iless ithan i5 iμs.cm−1
 iwas iused. 

iThe imean iparticle isizes iof ithe ikaolin, iα-alumina iand inatural izeolite iwere i25, i75 iand i50 iµm, 

irespectively, iaccording ito ithe isupplier’s icatalogs. 

Reagent igrade iglacial iacetic iacid iproduced iby iSigma iAldrich i(India i) iwas iused ias ireceived. iThen i2 

iwt-% iaqueous isolutions iof iacetic iacid iin ifirst-distilled iwater, isimulating ithe iproducts ifrom 

ibiofermentation, iwere iprepared. iChloroform i(Aldrich), imethyl iisobutyl iketone i(MIBK, iYakuri iCo., 

iOsaka, iJapan), iand i2-octanol i(Junsei iCo., iTokyo, iJapan) iutilized ias iorganic iphases iwere iused ias 

ireceived. iThey iwere iimmiscible iwith iaqueous isolution. iTo ievaluate ithe iefficiency iof iacid-extraction 

ias ia ifunction iof ipartition icoefficient, ithe iextractants isuch ias idi-ethylamine i(DEA), itri-ethylamine 

i(TEA), iand itri-n-octylamine i(TOA) iproduced iby iAldrich iwere iadded iin iorganic iphase. 

 i Percent i(%) Phases Percent i(%) 

Component Kaolin α-alumina Natural izeolite kaolin kaolin 

SiO2 61.62 0.013 68.5 Kaolinite 64 

TiO2 0.4 0.011 -  i  i 

Al2O3 24–25 99 11 Illite 2.4 

Fe2O3 0.45–0.65 0.014 0.2–0.9  i  i 

K2O 0.4 0.011 4.4 Quartz 27 

Na2O 0.5 0.46 3.8  i  i 

L.O.I 9.5–10 0.5 10–12 Feldespare 6.6 

Total 100 100 100  i 100 

Table i7.1 i: iChemical ianalysis iof ikaolin iclay iand inatural izeolite ipowder ifor ipreparation iof iceramic 

imembranes. 

Phase iII i(Italy) 
 
Geopolymer-zeolites ione-pot inanocomposites iwere iprepared iusing imetakaolin ias ialumina-silicate ipowder 

isource. iIt iwas iprovided iby iPersonal iFactory iS.r.l iand iX-ray ifluorescence ispectroscopy iwas iused ito idetermine 



145 
 

iits icomposition iin iterms iof ioxides. iSiO2 i(42.02%wt), iAl2O3 i(53.9%wt) iFe2O3 i(1.52%wt) iand iTiO2 

i(1.90%wt) iwere ifound ito ibe iits imainly icomponents. iIts iaverage iparticles isize iof i1.59 inm iwas icalculated ion ia 

ivolume idistribution ibase. iSodium isilicate isolution i(supplied iby iCondea iAugusta iS.P.A) iwas icomposed iby 

iSiO2 i(29.6%wt) iNa2O i(13.6%wt) iand iwater. iSodium iHydroxide i(AR igrade) ihas ibeen ipurchased iby iSigma 

iAldrich. iSelf-bonded i13X izeolite i(Figure i7.1), iwith ihierarchical iporosity, iwas iobtained ithrough ia 

ihydrothermal itreatment iusing imetakaolin, isodium ihydroxide iand isodium isilicate ias iraw imaterials iand ithe 

ifollowing ifinal imolar icomposition: 

1.3Na2O- i3.0SiO2- i1Al2O3- i12H2O  

 

De-oiled iolive ipomace ior isansa iesausta i(SE), iobtained ifrom ian iolive imill iRI.AM iSrl ilocated iin iRossano, 

iCosenza, iItaly, iwas iused ias iraw imaterial ifor ithe iproduction iof iolive-based iactivated ibiochar i(OAB). i iAll 

ichemicals iused iin ithis iwork iwere iof ianalytical igrade iand iused iwithout ifurther ipurification. iMethylene iblue 

i(M.wt iof i319.86; imolecular iformula iof iC18H18N3SCl3H2O; iλmax iof i663–667 nm; icationic) iwas iobtained 

ifrom iChemjet i(India) iand iwas iused ifor ithe ipreparation iof ithe imodelled iwastewater. iThe ipH iof ithe iwastewater 

iwas iadjusted iprior ito ieach iexperiment iusing isolutions iof iNaOH i(Gateway; i97%) iand iH2SO4 i(SDFCL; i98%). 

iDistilled iwater iwas iused iin iall ithe iexperiments. 

Mechanical iSolar isimulator iwere iused i(model i21117 ifrom iNewport iUSA. iPower: i1500 iW), ito igenerate ithe 

iartificial iphoto isource iduring ithe idegradation itest. 

 

Figure i7.1 iXRD ipattern iof i iSelf ibonded i13 iX izeolite 

 

Phase iIII (Tunisia) 

The inatural izeolite iNZ iused iin ithis iwork ihas ibeen isourced ifrom iBigadiç ideposit ilocated inear iBalikesir iin 

iWestern iAnatolia i(Turkey). iFrom iXRD ianalysis iof ithe iraw izeolite ipowder i(Figure i7.2), iit ican ibe iseen ithat ithe 
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imain icrystalline iphases iare iclinoptilolite iand icalcite. iThe ienergy idispersion iX-ray i(EDX) ispectrum iis idepicted 

iin iFigure i7.3 iand ithe ichemical icomposition iof inatural izeolite iis ishown iin iTable i7.2. iIt ican ibe ishowed ithat 

iclinoptilolite icontained iexchangeable iions iof isodium, ipotassium, icalcium iand imagnesium. iThis izeolite ihas 

iSi/Al iratio iof i4.8 i(mol/mol) iand ithe icorresponding iratio iof i(Na + K)/Ca iof i0.717 i[41]. iThe icationic ireagent, 

ihexadecyltrimethylammonium ibromide i(CTAB) i[(CH3)3 iN i(CH2)15 iCH3 iBr] ihas ibeen ipurchased ifrom 

iSigma. 

 

SiO2 Al2O3 CaO K2O Sr iO Ba iO MgO Fe2O2 Na2O 

76.66 13.77 3.2 1.67 1.34 0.91 0.88 0.37 0.17 

 

Table i7.2 i: iComposition iof inatural izeolite ipowder i(%W). 

 

Figure i7.2. iXRD ipatterns iof inatural izeolite 
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Figure i7.3. iEDX ispectrum iof inatural izeolite. 

 

7.2 Membrane iFabrication: 

7.2.1 Ceramic imembranes ifabrication i(Phase iI) 

Before imixing, imassive ikaolin isamples iwere itriturated iby iemploying ia icrushing imachine ito iobtain ifine 

ipowders iwith ia i200 imesh isieve isize. iFor imullite imembrane ipreparation, i62–68% ikaolin iclay iwas imixed iwith 

i32–38% idistillated iwater iusing ia ihigh-powered imechanical imixer ifor i1 ih. iThe imixture iwas ithen iextruded ito 

iform itubular imembranes. iAll ithe ifabricated imembranes ihad ia i10 imm iinner idiameter, i14 imm iouter idiameter, 

iand i10 icm ilength. iThe iin-house ifabricated imembranes iwere ithen idried ifor i24 ih iat iroom itemperature, ifollowed 

iby isintering iin ia iprogramed ielectric ifurnace i(1200C iMINI iLAB iELECTRIC, iT-Long, iChina). iThe 

itemperature igradient iused ifrom iroom itemperature ito i550°C iwas i5°C/min. iThen, ithe itemperature iwas ikept 

iconstant iat i550°C ifor ian ihour. iFrom i550°C ito i975°C, ithe itemperature iwas iincreased iat ia irate iof i5°C/min. 

iFinally, iafter i1 ih, ithe itemperature iwas ifixed iat i975°C, iand ithen iraised ifrom i975°C ito i1250°C iat ia irate iof 

i3°C/min. iIn iorder ito iavoid ibreaking ithe isintered imembranes idue ito isudden ichanges iin itemperature, ithe 

imembranes iwere itaken iout iafter i8 ih icooling iin ithe ifurnace i. iThe isuitable icalcination itemperatures iand iperiods 

iare ithose iat iwhich ithe iclay iis iconverted ito imullite iand ifree isilica. iGood iresults ihave ibeen iachieved iby 

icalcining iat itemperatures iof iabout i1250°C i.The cost of membrane production has yet not been identified since 

it it out of scope of this work. Also LCA has yet to be done. 

 Free isilica ican ibe iwashed iin ia istrong ialkali isolution i(20 iwt% iNaOH) ifor i5 ih iat i80°C iin ian ioven 

i(WN i30, iLenton, iUK) iin iorder ito iincrease ithe iporosity iof ithe ifabricated imembranes. iFinally, ithe iremaining 

iNaOH iwas iremoved iby iwashing ithe imembranes iwith idistillated iwater iin ian ioven ifor i10 ih iat i80°C. 

Mullite imembrane iwas iprepared iwithout imixing ialumina iwhereas iMullite ialumina i(MA) imembranes iwere 

iprepared iby iadding i10–50 iwt% iα-alumina ipowder ito ia ikaolin iand idistillated iwater imixture. iThe igeometrical 

idimensions iand ipreparation iprocedures iwere isimilar ito ithose iof imullite imembrane ipreparation, ibut ithe ifinal 

icalcination itemperature iwas i1300°C. iα-Al2O3 iis itransformed icompletely ito ithe icorundum iphase iat 

itemperatures ifrom i1100°C ito i1300°C, iand i1300°C iwas itherefore ichosen ias ithe ifinal icalcination itemperature. 

IThedifferent other parameters apart from temperature are % of different composition, porosity, pore diameter, 

pH of the sample. The iflow idiagram iof ithe imembrane ifabrication iis idescribed iin iFigure i7.4. iTable i7.3 ipresents 

ithe icomposition, iporosity iand imean ipore isize iof iall ithe ifabricated imembranes. 

 

Test 

inumber 
Membrane 

Kaolin 

i(%) 

Alumina 

i(%) 
Zeolite i(%) 

Porosity 

i(%) 

Mean ipore idiameter isize 

i(µm) 

1 Mullite 100 0 0 32.6 0.451 

2 MA i(10%) 90 10 0 32.8 0.462 

3 MA i(20%) 80 20 0 33.2 0.468 

4 MA i(30%) 70 30 0 36.4 0.485 

5 MA i(40%) 60 40 0 38.2 0.498 

6 MA i(50%) 50 50 0 40.4 0.507 
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Table i7.3. iCompositions, iporosity iand imean ipore isize iof isynthesized imembranes. 

 

 

Fig i7.4: iSchematic irepresentation iof iprocedures ifor imembrane ifabrication. 

 

7.2.2 Ceramic imembranes ifabrication i(Phase iII) 

Geopolymeric imembrane iand imodification iwith iActive icarbon/biochar 

Geopolymers iare ialkali iactivated isemi-crystalline ialuminosilicate imaterial ithat ihas igood icombination iof 

iphysical iand ichemical iproperties, iand iexcellent imechanical, ithermal iand ichemical istability. Active carbon are 

being prepared by pyrolysis method and final grinding.There is no chemical treatment necessary to get this 

nano particle. Apart from Olive there are numerous plant based adsorbent (such as skins from banana, nuts, 

ananas , bamboo etc) which can be use to prepare the biochar and finally nanomaterials.The size of the particle 

is arpunf 50-80 nanometer. iFurther iimprovement iof igeopolymer iproperties iis ian iactive ifield iof iresearch iand 

ihas ibeen idemonstrated iby iprevious istudies. iOne iparticular iimprovement iparameter iis iporosity. iAging iand 

ireorientation iof igeopolymers iduring iinorganic ipolymerization ireaction ioften ilead ito ithe icrystallization iof 

izeolite⎯a iwell-structured iporous imaterial iwith igreat iindustrial iimportance iin icatalysis, iseparation iprocess, 

isensing, imedicine iand ielectronics. iGeopolymer imonolith iis ia icomposite imaterial icontaining iamorphous 

ialuminosilicates, iunreacted icomponents iand izeolites. iImprovement iof izeolite igrowth iwithin ithe igeopolymer 

imatrix iwould ialso imean iimproving ithe iporosity iof ithe imaterial ias iwell ias iextending iits iapplication isimilar ito 

ispecialty imaterials. iFurther iimprovement iof ithe imaterial’s iporosity ican ibe imade iby iadding imore iporous 
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imaterial ito iits istructure ior iapply ifoaming itechniques ito iintroduce imacropores. i iIf iintended iuse iof ithe iwill ibe 

ion iseparation iprocesses ilike iadsorption, iimprovement ishould iconsider isurface iproperties. 

On ithis ibasis, ithe imain iobjective ifor ithis iphase iis ito ifabricate igeopolymeric ias iwell ias i igeopolymer-zeolite 

icomposites, imembrane ifor ithe iremoval iof ipollutants. 

Geopolymer isynthesis i 

  

Geopolymers iare isynthesized iby icombining itwo imain icomponents: ialuminosilicate iprecursor iand 

ialkali iactivator. iThe imost icommonly iused ialuminosilicate iprecursor iis imetakaolin idue ito iits iavailability, 

iabundance iand ilow icost. iMetakaolin iare idehydroxylated ikaolinite i(550–950°C); ithe iheat itreatment iimproves 

ithe ithermal istability iof ikaolinite iand imake iit imore ieasy ito ibe imodified ifor iintercalation, ichemical iactivation, 

ietc i. iSecondary iproducts ilike icoal ifly iash i, ired imud ifrom ibauxite itailings, islags, iand ibiomass iash iare ialso iused 

ias iprecursors ifor igeopolymer isynthesis. iAlkali iactivators isuch ias ialkaline ihydroxides, isilicates, ialuminates, 

icarbonates, isulphates, ior itheir icombinations iare iused ifor ideprotonation iand isubsequent idissolution iof 

ialuminosilicate iprecursor. iGeopolymerization iis ian iexothermic ireaction ithat iinvolves iseveral isteps: 

idestruction, icoagulation, icondensation iand icrystallization i(Fig. i7.5). iThe ifinal imonolith iformed ihave iregions 

iof ivarying icrystallinity i(highly icrystalline ito ifully iamorphous) idepending ion ithe icondition ithat iwill iallow 

izeolite ito iform; ioften iit iis iconsidered izeolite-like, izeolite iprecursor iand imetastable iamorphous izeolite. i 

 

 

Figure i7.5 iScheme iof iGeopolymerization. 

Zeolites iare icrystalline ialuminosilicates iwith ispecific iframework istructure, iand ichannels ithat iare ifilled iwith 

iions iand iwater. iFig. i7.6 ishows ithe icommon istructures iof izeolites. iZeolites ican ibe icrystallized ifrom 

igeopolymers; iimprovement iof izeolite iformation iwithin ithe igeopolymer imatrix iprovide ia imore isustainable 

iapproach iof izeolite isynthesis isince ithe iconventional imethod iis ienergy- iand itime-intensive. iGeopolymer iand 

izeolite iformation ican iproceed iin iparallel iduring igeopolymerization ibut isince ithey idiffer iin iliquid/solid iratios 

iand ialkalinities i( izeolite: iH2O/SiO2=10-100; igeopolymer: iOH-/SiO2=2-20), izeolite iformation iwill ioccur ion 
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ispecific iregions iwhere inuclei iare iformed; ithe iresulting imaterial iwill ibe ia icombination iof iamorphous iand 

icrystalline iphases. 

Geopolymer-zeolite icomposites ihave imerge iproperties iof izeolite iand igeopolymer; iwhile igeopolymeric igel 

iserves ias ia istrong iand idurable isupport ifor izeolites, izeolites iprovide ihigher isurface iarea, iporosity iand ication 

iexchange icapacity. iIf ithe iapplication iinvolves iorganic ior inonpolar ispecies, iuse iof izeolite i/geopolymer-zeolite 

icomposites imay inot ibe ieffective. iAdding imaterial iof ithe isame iporous inature ibut iwith ihigh ibinding iaffinity ito 

iorganics imay ibe iused ito iimprove izeolite icomposites iproperties. 

 

 

Figure i7.6 i iStructures iof izeolite. 

 

Activated ibiochar i(AB) iare iporous icarbon imaterial iwith ihigh iaffinity ito islightly ipolar ito inon-polar isubstances. 

iIt iis ia iproduct iof ian iactivation iprocess iof icarbonaceous imaterials ifrom idiverse isources iand ihas iover i60 i% iof 

icarbon icontent. iIt iis icomposed iof iinterconnected idomains iof ibenzene irings iand igraphite iplate iorganized iwith 

isome ilocalized iorder ion ia imolecular ilevel. iIt ialso ihas idisplaced iextended iinterparticulate isurface iarea iand ihigh 

idegree iof iporosity. iThe iproperties iof ithe iraw imaterials iboth iin iterms iof iphysical iand ichemical icompositions, 

ias iwell ias ithe iprocess icondition iand imethod iemployed ifor iactivation, idetermined ithe iadsorption iproperties iof 

iAB iand iits ipore isize idistribution iof iactivated ibiochar. 

 

Properties iof iactivated ibiochar iis isometimes ienhanced iby ioxidation, isulfuration, initrogenation, icoordinated 

iligand ifunctionalization itreatments ior icoupled iwith ianother imaterial ifor icombined iproperties. iModification iis 

inormally icentered ion ienhancing isorption iproperties ifor ispecific isorbates. iLike iactivated ibiochar, izeolite 

iundergoes imodification ito ienhance isurface iproperties. iCombination iof ithese itwo iporous imaterial ihas 

idemonstrated isuperior iproperties ithan itheir ilone iform. iTable i7.4 ilisted isome istudies idedicated ito ienhance 

izeolite iand iAB iproperties iby icombining ithem itogether iinto icomposite imaterial. 

 

AB isource Zeolite i(Z) Z iPrecursor Application Relevant iproperties 

Cypress isawdust 

iAC 

Sodalite Kaolin MB iand iNH4
+

 

iadsorption 

 i754.75 imgMB/g; i9.0 img 

iNH4
+/g 

SBET i= i378 icm2/g 

Unburnt icoal NaX, iNaA Fly iash - SBET i= i6 im2/g 

Unburnt ioil ipam iC i NS Oil ipalm iash i+ 

ikaolin 

MB iadsorption 285.71 img iMB/g 

SBET=615 icm2/g i 
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Elutrilithe X Elutrilithe i+ 

iSiO2 

CH4/N2 iadsorption 17.3 icm3
 iCH4/g; i5.10 icm3

 iN2/g 

SBET=802 icm2/g 

 

Table i7.4 iSummary iof iknown izeolite-AC icomposites 

 

Olive iactivated ibiochar iproduction iand ioptimization i 

 

Fig. i7.7 ishows ithe iprocess iflow iof iproducing iolive iactivated ibiochar. iDeoiled iolive ipomace i(SE) iof i3 imm 

imean iparticle isize iwas iplaced iin isealed iceramic icontainers iand iheated iat i300-400 ioC ifor i40 imins iin ia imuffle 

ifurnace i(Fisarc, iQRTC) ito ipromote icarbonization iof ithe ibiomass. iCarbonized iSE i(CSE) iwas ithen iground ito 

i~1.19 imm iand imixed iwith iKOH i(0.2-1.2 iKOH/CSE) iprior ito iactivation. iThe imixture iwas iheated iat i700oC ifor 

i40-80 imin ipromote iactivation. iActivated isample iwas iwashed iwith idistilled iwater iup ito istable ipH iand 

 

Figure i7.7 iOlive iactivated ibiochar iproduction. 

Geopolymer-13X-OAB isynthesis and chemical treatment 

 

Geopolymer icomposite isynthesis iinvolves itwo imain icomponents i(alkali iacticator iand ialuminosilicate isource) 

iand ione iadditive. iThe ialkali iactivator iis iprepared iby imixing isodium isilicate isolution, iNaOH iand idistilled 

iwater iat ispecific imass iratios. iMetakaolin iwith iand iwithout iOAB iadditive iis imixed iwith ithe ialkali iactivator iand 

imixed ifor i15 imin iprior ito icasting. iCasted islurry iis iallowed ito iset iin ia iconvection ioven ifor ione i(1) ihour iat 

i50oC. iSet igeopolymer iwas ihydrothermally itreated iin ian iautoclave ifor i24 ih iat i90oC. iHydrothermally itreated 

igeopolymer iwith igrown i13X izeolite iis iwashed, idried iand istored iin isealed icontainers. iSummary iof ithe 

isynthesis iis ishown iin iFig. i7.8. 

 

 

Figure i7.8 iGeopolymer-13X iand i13X-OAB iproduction. 

Metakaolin iserved ias ialumino-silicate isource ifor igeopolymer-13X isynthesis. iThe imetakaolin iis iprovided iby 

iPersonal iFactory iS.r.l iwith icomposition iin iterms iof ioxides: iSiO2 i(42.02%wt), iAl2O3 i(53.9%wt) iFe2O3 

i(1.52%wt) iand iTiO2 i(1.90%wt) ias imain icomponents iof imetakaolin. iThe ipowder ihas imean isize iof imetakaolin 
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iis i1.59 imicrons. iSodium isilicate isolution i(supplied iby iCondea iAugusta iS.P.A) iacted ias ialkali iactivator ifor ithe 

isynthesis iand iis icomposed iof iSiO2 i(29.6%wt) iNa2O i(13.6%wt) iand iwater. 

A imixture iof i20.7 ig iof isodium isilicate isolution, i9.2 ig iNaOH iand iwater iwas istirred iuntil ia iclear isolution iat 

iroom itemperature iis iobtained. i30 ig iof imetakaolin ipowder iis iweighed iand imixed iwith ithe iwet isolution iand 

istirred ifor i14 iminutes iprior ito icasting; ithis isample iis ireferred ito ias ibare igeopolymer-13X isample i(13X). 

iAnother iset iof idry imixture iis iprepared iby icombining imetakaolin iwith i6 ig iof iOAB; ithe idry imixture iis icarefully 

imixed ifor i20 iminutes ifollowed iby i10-min imixing iwith iwet isolution; ithis isample iis ireferred ito ias igeopolymer-

13X-olive iactivated ibiochar icomposite i(13X-OAB). iBoth islurries iwere icasted iin iPE imolds iand iallowed ito iset 

ifor ione i(1) ihour iat i50oC ifollowed iby i24-hour icuring iin ian iautoclave iat i90oC. iCured imonoliths iare iwashed iwith 

idistilled iwater iand iair-dried ifor i20 ihours. iDried imonoliths iare iground iand isieved ito i0.149mm, iand istored iin 

isealed icontainer. 

Water iamount, iwith ia ivalue igreater ithan ithose iused iin ithe igeopolymer iproduction, iwas iused iwith ithe idual 

ipurpose ito ifavour ithe izeolites isynthesis iand ito iincrease ithe ifinal iporosity iof ithe imonoliths. iMembranes iwere 

isynthesized iby iactivating imetakaolin iwith iactivator isolutions. iFirstly, ithe isodium ihydroxide isolution iwas 

iobtained iby idissolution iof iNaOH ipellets iin iultrapure iwater, iwith icontainer ikept isealed iwherever ipossible ito 

iminimize icontamination iby iatmospheric icarbonation iand iprevent iwater ievaporation. iThe isolution iwas istirred 

iuntil ithe iNaOH ipellets ihad idissolved iand ithe isolution ibecame iclear. iOnce icooled idown iit iwas ipoured iinto 

isodium isilicate isolution. iThe iso iobtained ialkali iactivator isolution iwas isealed, istirred iand iallowed ito icool iback 

idown ito iroom itemperature i(RT i= i∼25 C). iFinally, ithe iactivator isolution iwas iadded ito imetakaolin ipowder 

iand ithe islurry iwas imechanically ivigorously imixed ifor i10 iminutes i(In ifigure i7.9 ia). iThe islurries iwere, 

iafterwards, irapidly icasted iinto iopen iand idismountable iTeflon imoulds i(Figure i7.9 ib) iin iorder ito idisk ishaped 

imembrane iof idimensions i5cm idiameter i3 immof iheight. iThe imoulds iwere ithen isealed ifrom ithe iatmosphere ito 

iprevent ithe imoisture iloss iand icured ifor i1 ih iat i60 i°C. iAfter ithis istep, ithe ihardened imembranes iwere iunmolded 

iand isubjected ito ithe ihydrothermal itreatment iat i90 i°C iin iautoclave ifor i24h ito idevelop ithe icrystalline iphase. iThe 

iobtained iselfbonded izeolitic imembranes iwere ithen iwashed iwith idistilled iwater ito iremove iSodium iexcess. 

 

 

 

Figure i7.9 ia). iSlurry imade ifrom imetakaolin, ialkali iactivator iand iOAB 
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Figure i7.9 ib.Casted igeopolymer iafter isetting iat i50oC 

 

7.2.3 Ceramic imembranes ifabrication i(Phase iIII) 

 

Natural iTurkish izeolite ipowder i(Biga, iÇanakkale iProvince) ihas ibeen iused ito imake iboth ithe ifiltration ilayer iand 

ithe itubular imicroporous isupports. iThe izeolite isupports iwere iprepared iin iour ilaboratory ivia ithe iextrusion 

iprocess. iThree ifiltration ilayers iwere iprepared ifrom ithe isame izeolite ipowder inamely: i 

(i) Decanted izeolite i"DZ", iwhich iwas iobtained iby iball-milling ithe iraw izeolite ipowder ifor i4 ih iat 

i400 irpm iusing ia iball-mill idevice i(Retsch iPM i100) iand idecanting ifor i4 imin iin iaqueous 

isuspension i(4 iwt%). iThe isuspension iwas icollected iand iallowed ito isettle idown ifor i24 ih iand ithen 

idried ito iobtain ifine idecanted izeolite i"DZ"; i 

(ii) Modified izeolite i"MZ", iwhich iwas iprepared iby imodifying ithe ianionic isurface iof ithe inatural 

izeolite iof iaverage iparticle isize i63 iµm iusing ia icationic iquaternary iammonium isurfactant iCTAB 

i(Hexadecyltrimethyl iammonium ibromide iC19H42BrN) i 

(iii) Zeolite iof iaverage iparticle isize i(Φ i< i42 iµm) iand idesignated iby i"Z42" iwas iobtained iby iball 

imilling ithe iraw izeolite ipowder ifor i2 ih iat i400 irpm iusing ia iball imill i(Retsch iPM i100). iThe 

imodified i(MZ) iand iunmodified i(DZ iand iZ42) ipowders iwere iexamined iusing ia izeta ipotential 

imeter i(Zetasizer iNano-ZS) ito idetermine ithe isurface icharges. 

Then, ithree iultrafiltration imembranes i(DZ/Z, iMZ/Z iand iZ42/Z) iwere isynthesized ivia ithe islip-casting imethod 

iby idepositing/coating ion ithe itubular imicroporous izeolite isupport i(Z), ihaving iaverage ipore isize iand iporosity iof 

i0.55 iµm iand i43.7% i, irespectively, ithe ifiltration ilayers i(DZ, iMZ iand iZ42). iThe ioptimal icomposition i(wt i%) iof 
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ithe ideflocculated islip iwas: i2 iwt% iof izeolite ipowder, i30 iw% iof ipolyvinyl ialcohol i(12% iw/w iaqueous 

isolution), iand i68 iw% iof iwater. i iIn iorder ito iobtain iefficient imembranes iwith iadequate ithickness iin ithe 

iultrafiltration irange, ithe ioptimal icoating itime ifor ithe ithree ilayers iwas ifixed iat i7 imin. iAfter idrying iat iroom 

itemperature ifor i24 ih, ithe idifferent iultrafiltration imembranes iwere isintered iat i880°C ifor i3 ih i iat iheating irate iof 

iabout i2°C/ imin. i iMorphology iof ithe iprepared imembranes iwas ichecked iby iusing iscanning ielectron imicroscopy 

i(SEM, iJEOL-JSM-5410, iJapan) iand ipore isize idistribution iof ithe itop ilayers iwere iobtained ifrom initrogen 

iadsorption i/ idesorption iisotherm iusing ia iMicrometrics iASAP i2020. iPore idiameter iwas iestimated ivia ithe iBJH 

i(Barret-Joyner-Halenda) imodel. 

 

7.3 Characterization i 

7.3.1 Membrane iPhase i1 

All ithe isynthesized imembranes ihave ibeen icharacterized iusing iSEM, iXRD, ia imean ipore isize icalculation iand 

ithe imechanical istrength. iScanning ielectron imicroscopy i(SEM) iusing ia iTESCAN iVega i3 imicroscope i(Czech 

iRepublic) iwith ian iaccelerating ivoltage iof i20 ikV iwas iutilized ito istudy ithe iproperties iof ithe imembranes’ 

istructure. iTo iidentify ithe iphases iformed iin ithe isintered imembranes, ipowder iX-ray idiffraction i(XRD) iwas 

iconducted iusing ia iPW1800 iX-ray idiffractometer i(Philips, iNetherlands) iwith iCu iKα iradiation iat ia itension iof 

i40 ikV iand icurrent iof i20 imA. 

The imembranes’ iporosity iwas imeasured isimply iby icalculating ithe iwater imass itrapped iin ia imembrane 

iimmersed iin ia iwater ibath. iThe isoaked imembrane, iwhich ihad ia imass iof iW1 iwhen idry, iadsorbed ia iwater imass 

iof i(W2 i– iW1) iafter i24 ih iimmersion iin ipure iwater iat iambient itemperature. iW2 iwas ithe imass iof ithe imembrane 

iafter iimmersion. iThe ivolume iof iuptake iwater iwas ithen icalculated ias i(W2 i– iW1)/ρm. iEventually, ithe imembrane 

iporosity iwas icalculated ias ifollows 

 

where iW2, iW1, iand iVM iare ithe idry iand iwet imasses iand ivolume iof ithe imembrane, irespectively, iand iρm iis ithe 

iwater idensity iat ithe iexperimental itemperature. 

The i3-point ibend itest iwith iASTM iC1505-01 iwas iselected ito imeasure ithe imembranes’ imechanical istrength 

iusing ia iSANTAM, iSTM-150 iuniversal itesting imachine, iwith ia i150 iKN icapacity, itotal igrip idistance iof i690 

imm, idimensions i(width i× idepth i× iheight) iof i1070 i× i700 i× i2430 iand i200 iV i50–60 iHz ipower. iSANTAM 

iuniversal itesting imachines iare iused iin iindustrial iquality-control ilaboratories iand iresearch icenters. iThe 
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imachines iare iable ito itest ithe imechanical iproperties iof ia iwide irange iof imaterials isuch ias imetals iand 

iceramics.The imembrane iaverage ipore iradius i(rm) iwas imeasured iby ithe iGuerout-Elford-Ferry iequation: i 

 

where iε iis ithe imembrane iporosity i(%), iμ iis ithe iwater iviscosity i(8.9 i× i10−4 iPa.s) iat ithe ioperating itemperature, il 

iis ithe imembrane ithickness i(m), iand iJ iis ithe ipure iwater iflux iunder ithe ispecific iapplied iTMP. 

The ipure iwater iflux ifor ieach itrans-membrane ipressure i(TMP) iin ithe irange iof i(0.25–4 ibar) iwas imeasured ifor 

ipure iMullite iand iMA imembranes. irm iwas ithen iobtained ifrom ithe islope i(S) iof ithe ilinear iline ifrom iTMP iversus 

ipure iJ iapplying ithe ileast isquare imethod ias ifollows: i 

 

Thermogravimetric i(TG) ianalysis iwas iapplied iwith ithe iaid iof ia iTGA iMETTLER iinstrument i(METTLER 

iTOLEDO, imodel iTGA iDSC i1, iSwitzerland) ion ia imullite imembrane isample, iheated ifrom i25°C ito ian iendpoint 

iof i800°C iat ia iheating irate iof i10°C imin−1 iin ian iair ienvironment. 

7.3.2 iMembrane iPhase iII 

The iprepared imembrane iincluding iactive icarbon ishows ithe imicrographs iof igeopolymer-13X iand 

igeopolymer-13X-OAB icomposite. iSEM, iEDAX i, iFTIR ihas ibeen iperformed ito ianalize ithe isamples. 

Mesoporosity iof ithe imaterial iis ivalidated iby ithe iappearance iof imesoporous ipeak ibetween i2θ iof i1.00 

ito i1.75 idegrees iof i13X i iand i13X-OAB icomposites. iWide-angle iscan ihas ialso ibeen iperformed. iThen 

ithe iinitial ifeed iand ifinal ipermeate iconcentration iof ithe isample iare ibeing imeasured ifor ithe 

imeasurement iof ithe iadsorption iefficiency. iSEM ihas ibeen iperformed ito iunderstand ithe istructure iof 

ithe imembrane iand iEDAX iand iFTIR ifor ithe ifunctional igroup iand ipresence iof ithe iactive icarbon. 

The iconcentration iof ithe idye iuse iin ithe iadsorption itest iis igiven ibelow iin iTable i7.5 
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C0 

 i[mol/l] 

ABS 

0 0 

6.25*10-6 0.5216 

9.38*10-6 0.714 

1.25*10-5 0.8936 

1.88*10-5 1.3353 

2.50*10-5 1.6372 
 

3.13*10-5 2.064 

Table i7.5 iConcentration iof idye iwastewater 

Concentration iof idye ibefore iand iafter ithe itest ihas ibeen imeasured iby iUV iSpectrophotometer iand iit 

iwas imonitored icontinuously ifor ithe ipermeate iquality. 

 

7.3.3Membrane iPhase iIII 

Permeability itest iand imembrane iregeneration 

 Permeability itests iwere iperformed ion ithe imembranes iat iambient itemperature iand itransmem-

brane ipressure i(TMP) iranged ibetween i3 iand i7 ibar iusing ia icustom-made ipilot iplant idescribed 

ielsewhere. iRegeneration iof ithe imembrane iwas icarried iout ivia ia iback-flushing iprocedure ifor i15 imin, 

ifollowed iby iacidic i(nitric iacid i2% iat i60 i°C) ior ibasic i(NaOH i2% iat i80 i°C) itreatment ifor i20 imin. 

iAfter iwhich ithe itreated imembranes iwere, irinsed iwith idistilled iwater iuntil ineutral ipH. iThe iefficiency 

iof ithe icleaning iprotocol iwas iverified iby imeasuring iwater iflux iafter ithe icleaning icycle. i 

Effluent icharacterization i 

 The iprepared izeolite iultrafiltration imembranes iwere iused ito itreat iwastewater iobtained ifrom ithe 

icuttlefish iconditioning iindustry iand ithe ielectroplating iindustry. iPhysico-chemical iparameters iof iboth 

iraw iand itreated ieffluents iwere iestimated iaccording ito ithe istandard imethods isuggested iby iAmerican 

iPublic iHealth iAssociation. iThe iconductivity iand ipH iof ithe ieffluent iwere imeasured iwith ithe iuse iof 

ia iconductivity-meter i(ISTEK iEC-400L, iUSA) iand ia ipH-meter i(ISTEK ipH-220L, iJapan), irespectively. 

iTurbidity iwas iobtained iby iusing ia iturbidity-meter i(Hach iRATIO i2100A, iUSA) iin iaccordance iwith 

istandard imethod i2130B. iChemical iOxygen iDemand i(COD) iof ithe iwastewater iwas iestimated iby 

icolorimetric imethod i(Fisher iBioblock iScientific ireactor iCOD i10119, iJapan. iEquilibrium iconcentration 

iof iFe3+ iwas idetermined iby iusing ian iAtomic iAbsorption iSpectrophotometer i(AAS) i(Perkin iElmer 

iAnalyst i200). iChloride iamount iwas icalculated iafter ia isimple idosage iwith iAgNO3. 

The isynthesized iand icharacterized imembranes iwere iemployed iin ithe itreatment iof itwo iwastewater 

isources inamely: iSynthetic idye iwastewater.(EF1) iand iCuttlefish ieffluent i(Sfax, iTunisia) i(EF2) iand. 

iResults iof ithe icharacterization iof iEF2 iand iEF1 iare ipresented iin iTable i1 iand iTable i7.6. 

Table i7.6 i. iCharacterization iof iwastewater ifrom ieffluent 
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Sample pH 
Conductivity i 

(mS/cm) 

Turbidity 

(NTU) 

COD 

(mg/L) 

Fe3+ 

(mg/L) 

Cl- 

(mg/L) 

EF1 7.05 1.15 188 1350 - - 

EF2 2.90 3.34 - 1048 6.23 828 

  

Different imembrane ihas ibeen iused ito itreat ithe iindustrial ieffluent i(turbidity iand iCOD) iMembrane 

iwas ialso ibeen icharacterized iby iXRD, iEDAX, iSEM. I 

 

7.4 Operating iProcedure iand iset iup 

Phase i1 i: iMembrane iContactor: iApparatus iand iProcedure 

The iaqueous iphase iof ifeed iside iwas ipumped ithrough ithe ilumen iof ithe ifibers ito icirculate ifrom ithe 

irespective ireservoir iand iback iinto ithe ireservoir. iThe iorganic iphase iof iextraction iside icirculates icocurrently iin 

ithe ishell iside iof ithe imodule. 

Mechanically idriven igear ipump i(FMI, iRP-D-2 ipump) iwas iused. iTo imeasure iboth iaqueous iand iorganic iflow 

irates iduring ithe iexperiments, iflowmeters iwere iused. iThe ipressure iof ithe iaqueous iphase iwas imaintained ihigher 

ithan ithe ipressure iof ithe iorganic iphase iin iorder ito istabilize ithe iinterface iwithin ithe imembrane, ias ithe 

ihydrophobic ifibres iare ipreferentially iwetted iby ithe iorganic iphase. iThe ipressure iwas iadjusted iusing ithe ifour 

ivalves iat ithe iinlet iand ioutlet iof ithe imodules, ipreventing ithe iemulsion iformation. 

Jacketed ireservoirs iwere iused ito imaintain ia iconstant itemperature i(25°C). iThe isolution iwas imagnetically 

istirred ito iprepare ithe ihomogeneous isolutions. iThe iinstrument iwas idesigned ito imeasure ithe iacid iconcentration 

iin ithe ifeed ireservoir ias ia ifunction iof itime. iThe iexperimental isetup iis ischematically ishown iin iFig. i7.10. iThe 

iexperiments iwere icarried iout iwith icocurrent iflow iof iaqueous iand iorganic isolution iat ia ifeed iflow irate iof i8.2 

icm3/sec. 
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Figure i7.10. iExperimental isetup ifor imembrane iextraction. iThe ihollow ifiber imodule iwas ishown iin ithe icenter 

iof ithe ifigure. iIt iis iattached ito ithe itwo iliquid ireservoirs iwhose iconcentrations iare imeasured ias ia ifunction iof 

itime. 

Analytical iMethod 

To idetermine ithe iconcentration iof iacid itransferred iin ithe iliquid–liquid iextraction iequilibrium iand imembrane 

icontactor iexperiments, ithe iconcentration iof ithe iacid iin iaqueous iphase iwas idetermined iby iconductivity 

imeasurement. iThe iconductivity imeter i(Orion iInstrument, imodel i162) iused iwas icalibrated iwith istandard 

isolutions. iThe iconductivity iof ipure iwater i(first-distilled iwater, ipKa: i15.7) iwas iabout i0 iμS/cm, iwhereas ithat iof 

ithe i2 iwt-% iacetic iacid iand ipropionic iacid iin iaqueous iphase iindicated i2.77 i× i103
 iμS/cm iand i2.34 i× i103

 iμS/cm, 

irespectively. iThis iresult iwas iin iaccordance iwith itheir irespective itrend iof ipKa ivalues. iThe ipKa ivalue iof iacetic 

iacid iand ipropionic iacid iis i2.75 iand i2.89, irespectively. iTherefore, ias ipKa ivalue iincreases, ithe iconductivity 

idecreases. iThe iacid iconcentration iof iorganic iphase iwas idetermined iby itwo-phase ititration i(1 icm3
 iof ithe 

iorganic isolvent imixed iwith i7 icm3
 iof iethanol iand i3 icm3

 iof idistilled iwater) iwith iNaOH isolution, iusing 

iphenolphthalein ias ian iindicator. 

Liquid–Liquid Extraction and Partition Coefficient (H) 

Liquid–liquid extraction at equilibrium state was determined by contacting the known volume and 

concentration of both organic and aqueous solutions, the latter being 2 wt-% acetic acid. The total volume of 

the sample, adding up to 50 cm3, was placed in a capped flask and magnetically mixed and thermostated in a 

water bath at 25°C. Once the two phases have settled, the concentration of acetic acid was determined in 

aqueous phase. 

The partition coefficient (H) of the solute (acid) between the organic and aqueous phase assuming to be 

constant during the extraction process is usually described by the equilibrium conditions at the interface and 

defined as in following Equation. 

 

where Morg and Maq is the molar concentration of acid in the organic phase and in the aqueous phase, 

respectively. The partition coefficient is the efficiency of the transition of solute in aqueous solution into 

organic solution. Therefore, the high partition coefficient implied a good extraction property. 

 

Phase iII i: iMembrane ibased idye iadsorption iset iup: 

The iexperimental iset iup iis idescribe ibelow iin ithe ifigure i7.11. iAs iyou ican isee ithat ithe ireservoir ihas itwo 

ichamber.in ithe iupper ichamber iwe ifill iit iwith ifeed isolution iwhereas ithe ilower ichamber iis ito icollect ithe 

ipermeate. iIn ibetween itwo iwe iplace ithe iprepared imembrane. iDuring ithe imeasurement iof ithe ipermeability iwe 
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icollect ithe ipermeate iin irespect ito itime iand icalculate ithe iflux iand ipermeability iin ia icertain ipressure. iOn ithe 

iother iside iduring ithe iadsorption itest iwe icompletely ifill ithe iupper ichamber iby idye isolution iand iwe icollect ithe 

ipermeate iand imeasure ithe iflux. iA igas icylinder iis iconnected iwith ithe iupper ichamber ito iregulate ithe iapplied 

ipressure. i13X iand i13X-OAB iceramic imembranes iwere icarefully iplaced iO-rings iin ithe iTeflon imembrane 

iseparation imodule i(Fig. i7.11). iThe imodule iis ifirst ifilled iwith idistilled iwater iand ipermeation iis imeasured iat 

idifferent ioperating ipressure i(1, i1.5. i2, i2.5 iand i3 ibar iair ipressure). iThe imodule iis iemptied iand ifilled iwith i100 

img iL-1 iMB. iMB iseparation iis iperformed iat i2 ibar ipressure iand ipermeate iis icollected iat ipredetermined itime 

iinterval. iInitial idata ion iMB iseparation iwere imeasured i ias iwell ias ithe ifinal iconcentration.. i 

 

 

Figure i7.11: iexperimental iset iup ifor ithe idye iadsorption iand idegredation. 

A inew itaflon imodule i(Fig i7.12) ihas ibeen ideveloped iin iour ilaboratory ifor ithe ipermeation iand iadsorption itest. 

iThe icasted imembrane iis ibeing iplaced iin ithe imodule iwithin itwo isoft isupport ito iavoid ithe imembrane ibreak ias 

idescribed iin iabove ifigure. 

 

Figure7.12. iTaflon imodule ifor ithe idye iadsorption itest 

 

 

membrane 

up 

down 
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Photo-degradation istudies iof idye iusing irenewable ienergy 

A isame iset iup iwas iused ito itest ithe ieffect iof iActive icarbon iprepared ifrom iolive iwaste ion ithe idecomposition 

iof icontaminants iunder isimulated isolar iradiation. iThe imembrane imodule iused iwas i22 icm ilong iwith ia 

idiameter iof i4.5 icm imade iin-house. iThe ifabricated iflat imembranes iwere ifixed itightly iinto ithe imodules. 

iThe imodule ihad itwo iinlets iand ione ioutlets. iThe iavailable ieffective imembrane isurface iarea iwas i34.22 icm2. 

Photodegradation istudies iwere iconducted ifor iboth ionly igeopolymeric imembrane iand ialso iusing ithe 

imembrane iwith iactive icarbon imade ifrom iolive iwaste. iAqueous ifeed isolutions icontaining iMB iwas iused iin 

iknown iconcentration. iA isimplified ischematic iof ithe iset-up iemployed iin ithe idegradation istudies iis 

idepicted iin iFig. i7.13 i. iThe imain icomponents iwere ia isolar isimulator i(model i21117 ifrom iNewport iUSA. 

iPower: i1500 iW), ia iperistaltic ipump ifrom iMasterflex iand ithe iPMR imodules. iThe ifeed iwas isupplied ion ithe 

ishell iside iat ia iconstant iaxial ivelocity iof i0.20 i± i0.01 ims−1, iwhereas ithe ipermeate iwas icollected ion ithe 

ilumen iside. iThe iinitial ifeed ivolume iin ithe ifeed itank which is used for dye adsorption is i200 imL. iThe 

iretentate istream ifrom ithe iPMR imodule iwas irecycled iback ito ithe ifeed itank, iwhile ithe ipermeate istream iwas 

icontinuously iremoved ifrom ithe isystem. iReplenishment ifeed iamounts iwere iadded ito ifeed itank, iequal ito 

ithe iamounts iof ipermeate, ito imaintain ia ifixed ifeed ivolume iand iconcentration. iThe irationale ibehind ithis 

iarrangement iis ithat ithe iretentate ihad ithe isame icomposition ias ithe ifeed isince ithe imembrane ididn’t ihave isize-

selectivity iof ithe ifeed icomponents ias ithey iwere itoo ismall ito ibe iblocked iby ithe imembrane ipores. iThe ipermeate, 

ion ithe iother ihand, ihad ia idifferent icomposition ithan ithe ifeed idue ito ithe iphoto-degradation iof iMB ias ithey 

ipassed ithrough ithe imembrane. iA ivalve iwas iused ito icontrol ithe iflow irate iof ithe iretentate istream, iindirectly 

icontrolling ithe iTMP. iThroughout ithe itest, iat ifixed itime iintervals, isamples iwere icollected ifrom ithe ipermeate 

iline iand ianalyzed. 

 

 

 

In iour itests, iit iwas iimportant ito iensure ithat iany ipossible iadsorption iof ithe istudied ipollutant ion ithe imembrane 

isurface iis icompleted ibefore ithe ibeginning iof ithe iphotocatalytic iruns, iin iorder ito iisolate ithe iadsorption iand 

icatalytic idegradation iphenomena. iFor ithat, ithe ifeed isolution icontaining ieither iMB iwas icirculated iin ithe idark 

i(i.e., iin ithe iabsence iof iany isolar ilight) iand ithe iconcentration iof iMB iin ithe ipermeate iwas imeasured iuntil ia 
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isteady istate iwas ireached, iat iwhich ithe iconcentration ibecame istable. iThis iinitial iphase, iwhich iis ireferred ito ias 

ithe i“dark iphase” iand ilasted ifor i12 ih, iensured ithe ifull iloading iof ithe ipollutant ion ithe icatalyst iin ithe iabsence iof 

isimulated isolar iradiation. iAfter ithe iend iof ithe idark iphase, ithe i“light iphase” iwas iinitiated iby iswitching ion ithe 

isolar isimulator iin iorder ito itrigger ithe iphotocatalytic ireaction ion ithe icoated imembrane isurface. 

To iensure ireproducibility, iall iother iparameters isuch ias ifeed iflow irate, iTMP iand ilight iradiation iintensity iwere 

imeasured iand imaintained iconstant. iThe iradiation iintensities ireaching ithe ireactor iwere ikept iat ithe ivalues iof 

i678 iand i362 iW/m2 iin ithe i450–950 inm iand i315–400 inm irange, irespectively, ithanks ito ithe ifixed iposition iof ithe 

iPMR imodule iwith irespect ito ithe iradiation isource. iAlthough ithe isurface iof ithe imembrane ifacing ithe isolar 

isimulator iis itheoretically imore iexposed ito ithe ilight isource, ithe idiffused iradiation iis iequally idistributed 

ithroughout ithe imembrane isurface idue ito ithe idesign iof ithe imembrane imodules. iIt ihas ithus ibeen iobserved ithat 

ithe iradiation iintensity iat ithe iside ifacing ithe ilight iand ithat ibehind ithe imembrane ihad ia ivariation iless ithan i0.5%, 

iwhich ican ibe ineglected iin ithis icontext. 

In ieach iexperimental irun, ipollutant idegradation iwas imonitored iin iterms iof ithe iresidual ipollutant iconcentration 

iover itime. iThe iphotocatalytic iactivity iof ithe imembrane iwas ipresented iby ithe ipercent iremoval iof ithe 

icontaminant icontained iin ithe ifeed i(R, i%), iwhich iwas icalculated ibased ion ithe ifollowing iequation i(Eq. i(3)): 

R i(%)= i(C0 i–Ct)/Ct 

Where iCo: iinitial iconcentration iof ithe ipollutant iin ithe ifeed i(ppm) iand iCt: ipermeate iconcentration iof ithe 

ipollutant iat itime it i(ppm). 

 

Phase iIII 

The ifiltration itests ion ithe iprepared izeolite imembranes, iDZ/Z, iMZ/Z iand iZ42/Z, iwere iconducted iat iroom 

itemperature iand iat itransmembrane ipressure iranged ifrom i3 ito i5 ibar. iThe ipermeate iflux ias ia ifunction iof itime 

ifor ithe imembranes iwas imeasured itime ito itime. iA icross iflow imembrane isystem iwas iused ito istudy ithe ipermeate 

iflux ias iwell ias ithe itreatment iof iindustrial iwastewater. iThe iresults ireveal ithat ithe ipermeate iflux idecreased 

islightly iwith itime ito iobtain ia istable ivalue iafter i30 imin iof ifiltration. iThe idecrease iof ipermeate iflux iwith itime iis 

ia itypical ibehaviour iof ian iultrafiltration imembrane, iindicating ipresence iof iconcentration ipolarization iand 

ifouling idue ito ithe iinteraction ibetween imembrane imaterial iand ithe ifeed isolution. 

 Table i7.7 igives ithe icomposition iof ithe itreated ieffluents ifor ithe imembranes iat i3 ibar. iIt iis inoteworthy ito 

imention ithat ino isignificant ivariation iin ipH iand iconductivity ibetween ithe ifeed iand ipermeate iwas iobserved 

iduring ithe itests. iThe isurface icharge iof ithe imaterial iis ia isignificant iparameter iincorporating ithe iseparation 

ieffectiveness iof ithe imembrane iand iit iis idependent ion ithe ipH iof ithe isolution, iespecially iwhen iremoving iionic 

ispecies. iWhen ia icharged imembrane iis iin icontact iwith ithe isalt isolution, ithe iconcentration iof ico-ions i(ions iwith 

ithe isame icharge ias ithe imembrane) iclose ito ithe imembrane isurface iwill ibe iless ithan ithat iin ithe isolution. iBut ithe 

iconcentration iof icounter iions i(ions iwith ithe iopposite icharge ias ithe imembrane) iin ithe imembrane iwill ibe ihigher 

ithan ithat iin ithe isolution. iAs ia iconsequence, ia ipotential idifference, iknown ias ithe iDonnan ipotential, iis 

igenerated ibetween ithe imembrane iand ithe isolution ito imaintain ithe ielectrochemical iequilibrium. iThus, ithe ico-

ions iare irepelled iby ithe imembrane. 
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Effluents 

Permeate 

isample 
pH 

Conductivity 

(mS/cm) 

Turbidity 

(NTU) 

COD 

(mg/L) 

Fe3+ 

(mg/L) 

Cl- 

(mg/L) 

 

 

EF1 

 

DZ/Z 6.90 1.12 0.73 162.5 - - 

MZ/Z 6.87 1.07 0.78 177.5 - - 

Z42/Z 6.89 1.04 0.30 122.5 - - 

 

EF2 

DZ/Z 4.80 2.52 - 152.0 2.60 530 

MZ/Z 4.16 2.65 - 165.0 0.63 355 

Z42/Z 5.05 2.40 - 140.0 2.05 473 

Table i7.7 iMain icomposition iof ithe itreated ieffluents iwith ithe idifferent izeolite iultrafiltration imembranes iat i3 

ibar. 

 Zeta ipotential iof imodified i(MZ) iand iunmodified i(DZ iand iZ42) izeolite imembranes iwas 

imeasured iat ipH irange ifrom i2 ito i10 iin iorder ito iexplain ithe iinteraction iwith ithe itextile ieffluent. iAt ithe 

iend ithese iobtained iresults ifinally ihelp ito ido ithe iexperimental iwork ifrom iindustrial ieffluents. 

 

7.5 Permeate iproduct icharacterization 

 

MB iconcentration iin ithe ifeed iand ipermeate iwas idetermined iusing iUV–vis ispectrophotometry iat i693 inm, 

ifollowing iproper icalibration. iTo ivalidate ithe iaccuracy iof ithe imeasurements, iquantitative idetermination iof ithe 

icompounds ipresent iin ithe isolution iwas ialso iperformed iby imeans iof ia iThermo iScientific iHPLC i(Dionex 

iUltiMate i3000 iPhotodiode iArray iDetector), iequipped iwith ian iAcclaim-120 iC18 iReversed-phase iLC icolumn 

iworking iat i25 i°C. iThe iinjection ivolume iwas i10 iμL iand ithe ieluent iflow irate iwas i0.2 imL imin−1. iThe imobile 

iphases iused ifor ithe imeasurement iof iMB iconcentrations iwere i60% imethanol/40% iwater iand i33% iwater/33% 

iacetonitrile/34% imethanol, irespectively. iProduct iconcentrations iwere imeasured ifrom ithe ipeak iareas ias 

iobtained iin ithe iHPLC ichromatogram. i 
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_____________________________________________________

CHAPTER i8 

 

RESULTS iAND iDISCUSSIONS 

______________________________________________________________________________ 

 

The ichallenge iin ithe ifabrication iof ilow-cost imembranes irelates ito ithe iobtainment iof istructures ithat iexhibit 

ithe iappropriate imicro-scale ipore istructures ito ieffectuate ipollutant iseparation iwhile imaintaining isufficient 

imass itransport iand imechanical irobustness. iNumerous imaterials iand iprocessing iapproaches ihave ibeen 

iexamined ito iachieve ithis iaim iusing ilow-cost ifeedstock, iincluding iunprocessed iminerals, iclays, iand iash. 

iThe imicrostructures, idurability, iand ifiltration iperformance iof imembranes ifabricated ifrom iimpure iraw 

imaterials isourced idirectly ifrom imineral ideposits ior iwaste istreams ican ibe isignificantly ialtered ithrough ithe 

iuse iof ipore iformers, ibinders, ifluxes, iand iother iadditives. iIn ithis ichapter ithe iresults ifrom iall i3 idifferent 

istages iof imy iPhD iwill ibe isummarized. 

 

8.1 Membranes icharacterizations 

 

Phase iI 

8.1.1 SEM ianalysis 

 

SEM imicrographs iof ithe ifabricated imembranes iare ishown iin iFigure i8.1 i(a, ib). iAs ithese iimages ishow, 

ithe isurface imorphology iof ithe imullite iand iMA imembranes iresemble ieach iother iless iclosely. iThis iis idue 

ito ithe ifact ithat ikaolin iclay iand inatural izeolite ipowder iare ithe imain iconstituents iof imullite iand iin iMA 

imembranes iα-alumina ipowders iare ifully iembedded iin ithe iMA. iIt iis iclearly iapparent ithat ithe ipore isize 

iand ipore istructure ichange iwith ithe ialumina iand inatural izeolite icontent iof ithe imembranes. iSEM 

iobservation ishows ithat iall imembranes iare iporous iand ihave ia irough isurface imorphology. iMA imembranes 

iare imore iporous ithan iothers idue ito ithe ifact ithat iincreasing ithe isintering itemperature ifrom i1100°C ito 

i1400°C icauses ithe iparticles ito iagglomerate icreating idenser iceramic ibodies. iAs ia iresult, ithe iporosity iof 

ithe imembranes iincreases islightly iand ithe ibulk idensity idecreases iaccordingly. iAlso, iSEM iobservation 

ishows ithat ithe imembrane isurfaces ihave ino idefects iin itheir istructures. 
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Figure i8.1 iMicrograph iof imembranes i(5000 iX): i(a) imullite, i(b) iMA i50% 

 

8.1.2. iXRD ianalysis 

 

The iXRD ipatterns ifor itwo itypes iof imembranes iare ishown iin iFigure i8.2(a,b). iAs ithe iXRD ipatterns ishow, 

imajor iphases iin imullite iand iMA imembranes iare iquartz i(ref. icode: i00-046-1045) iand icorundum i(ref. 

icode: i00.010.0173), iand iquartz. iFor ithese imembranes, ithe iminor iphases iare imullite iand icorundum. iThe 

iquartz iand icorundum iphases ican ibe iwashed iwith ia istrong ialkali isolution i(20 iwt% iNaOH) iin iorder ito 

iincrease iin ithe iporosity iof ithe imembranes. iIt iis ireported ithat ielimination iof ithe ikaolinite iphase ioccurs iin 

ithe itemperature irange iof i450–600°C. iDuring iwater ievacuation, ikaolinite iis iconverted ito imetakaolin iin 

iwhich ithe iSi–O ibonds iremain iconstant iand ithe iAl–O ibonds ichange itheir iposition, ias iillustrated ibelow. 

 iSi2O5Al2(OH)4⟶ 4SiO2.Al2O3+2H2O 

Raising iin ithe isintering itemperature iabove i900 i◦C iresults iin idecomposition iof ithe imetakaolinite iinto 

imullite iand icristobalite. i 

3(Al2O3.2SiO2)⟶ 3Al2O3.2SiO2(mullite)\break i i i i i i i+4SiO2(quartz,cristobalite) 

Corundum iis ithe imost istable iAl2O3 iphase iat iall itemperatures iunder iambient ipressure. iOther imetastable 

iAl2O3 ipolymorphs iare ioften iformed ibefore ireaching ithe imost istable iα-Al2O3 iphase iunder icircumstances 

isuch ias idecomposition iof ialuminium ihydroxide iand ialuminium ioxy-hydroxide, ihigh-temperature 

ioxidation iof ialumina-forming ialloys, iand irecrystallization iof iamorphous ialumina. 

In iMA iand imullite imembranes, iα-alumina ipowder iis itransformed ito ithe icorundum icrystalline iphase iat 

iunder i1300°C. 
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Figure i8.2. iXRD ipattern iof i(a) imullite, i(b) iMA i50% 

As ishown iin iFigure i6(a,b), ithe iabsolute iintensity iand iformation iof ithe icorundum iphase iin ithe istructure 

iof iMA imembranes iare igreater ithan iin imullite imembranes ibecause imore iα-alumina ipowder iis ipresent iin 

ithe iMA imembrane istructure. This X-ray diffraction (XRD) microstructure can be understood as the 

submicrostructure, taking into account that mineral grains are formed by a mosaic of crystallites. In the field 

of ceramic materials, the application of XRD microstructure analysis is not habitual for different reasons. One 

of them is the line overlapping, typical for ceramic materials, making an accurate treatment of line profiles 

corresponding to phases of interest difficult. Another problem is caused by the narrowness of some line 

profiles, since in these cases the extraction of microstructural information sometimes is not possible. On the 

other hand, the results obtained via the XRD microstructure analysis are referred to such parameters as the 

crystallite size (or X-ray coherence lengths) which have a physical meaning different to the grain size, 

frequently used for ceramic researchers. Nevertheless, in our opinion the XRD microstructure analysis offers 

some advantages with regard to the classic analytical methods; the sample do not need a special treatment and 

requires only an adequate choice of the conditions for recording the XRD powder pattern. Thus, the 

mineralogical analysis (qualitative and quantitative) and the microstructure analysis could be performed on the 

same data collected. Furthermore, the results of the XRD microstructure analysis set up statistical 

characteristics of the sample. 

 



168 
 

8.1.3. iMean ipore isize ianalysis 

 

The imean ipore idiameter iof iprepared imembranes iis ishown iin iTable i8.1 iAs ithis itable ishows, imullite 

imembranes ihave ithe ismallest imean ipore idiameter iof i0.451 iµm iamong iall ithe ifabricated imembranes. The 

mean pore size was measured by porometer instrument by applying pressure and on other side measuring the 

permeate in respect to time.i An iascending itrend iin ithe imean ipore idiameter iof iMA imembranes iby i10–50 

iwt% iα-alumina ipowder icontent ican ibe iobserved. iFor iMA imembranes iwith i10–50 iwt% iα-alumina ipowder 

icontent, ithe imean ipore idiameter iincreases ifrom i0.462 iµm ito i0.507 iµm. iThe imean ipore isize iand iporosity 

iof iMA imembranes iare ienhanced iby ithe iaddition iof iα-alumina ipowder ibecause iof ithe ipositioning iof iα-

alumina iparticles ibetween ikaolin iparticles iin ithe imembrane istructure. i 

 

 

Table i8.1. iCompositions, iporosity iand imean ipore isize iof isynthesized imembranes. 

 

The iporosity iof iall ithe iprepared imembranes iis ialso ishown iin iTable i8.1. iAs ican ibe iseen, ithe iporosity iof 

ithe imullite imembrane iwas i32.6%, ithe ilowest ivalue iamong iall ithe imembranes, iwith ithe ioverall imean ipore 

idiameter ivalues. iThe iporosity iof iMA imembranes iwith iα-alumina icontent iof i10–50 iwt% iadded igrew 

isteadily ifrom i32.8% ito i40.4%. iAs imentioned iabove, ithe iaddition iof iα-alumina ipowder iincreased ithe 

imean ipore idiameter iand iporosity iof iMA imembranes. i 

 

8.1.4. iMechanical istrength 

 

The imechanical istrengths iof imullite, iMA i50%, iare i18.3, i24.6 iMPa, irespectively. iAs imentioned iin isection 

i8.1.2 iabove iconcerning iXRD ianalysis, iα-alumina ipowder iin ithe iMA imembrane istructure iis itransformed 

iinto ithe icorundum icrystalline iphase iat ia itemperature iof i1300°C. iIt iis iwell iknown ithat ithe imain 

icharacteristics iof ithe icorundum icrystalline iphase iare ihardness, ihigh imechanical istrength iand ianti-abrasion 

Test 

number
Membrane

Kaolin 

(%)

Alumina 

(%)

Zeolite 

(%)

Porosity 

(%)

Mean pore 

diameter size 

(µm)

1 Mullite 100 0 0 32.6 0.451

2 MA (10%) 90 10 0 32.8 0.462

3 MA (20%) 80 20 0 33.2 0.468

4 MA (30%) 70 30 0 36.4 0.485

5 MA (40%) 60 40 0 38.2 0.498

6 MA (50%) 50 50 0 40.4 0.507
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iproperties. iThe imechanical istrength iof iMA imembranes iwas, itherefore, ihigher ithan ithat iof iother 

imembranes idue ito igreater iformation iof ithe icorundum iphase. i 

 

8.1.5. iTGA 

 

Figure i8.3 ishows ia iTGA igraph iof ia imullite imembrane isample iwhich iis iheated ifrom iroom itemperature ito 

i800°C iat ia iheating irate iof i10°C imin−1. iRegarding ithe idiagram, itwo imajor iweight iloss isteps ican ibe 

ifound. iThe ifirst iwhich ioccurred iat itemperatures iranging ifrom ialmost i25°C ito i150°C i(approximately i1.5% 

iloss), iis ian iendothermic ireaction irelated ito ithe iremoval iof iadsorbed iwater. iThe isecond, ia iroughly i6% 

iweight iloss ireported iat itemperatures iof i475–750°C, ican ibe iattributed ito ian iendothermic ireaction iin iwhich 

ihydroxyl igroups iare iseparated ifrom ithe ikaolin i(kaolin idehydroxylation) istructure ito iform imetakaolinite. 

iFurther iheating ileads ito ithe iformation iof iprimary imullite. iThis ianalysis ialso iconfirms ithat ithe imembrane 

isample iwas ihighly istable iat ihigh itemperatures. iThese ifindings iare iin igood iagreement iwith iother 

ipublished iresults. 

 

 

Figure i8.3. iTG ianalysis iof imullite imembrane isample iat i10◦C imin−1. 

8.2 Effect iof iOrganic iSolvent ion iPartition iCoefficient 

The iorganic isolvent ihaving ia ihigh ipartition icoefficient imust ibe iselected ito iincrease ithe iefficiency iof 

iextraction iof ilow-molecular-weight iacid iin iaqueous iphase. iExperiments iwere icarried iout iusing ithree 

isolvents isuch ias imethyl iisobutyl iketone i(MIBK), ichloroform, iand i2-octanol. iThese isolvents iare 

iimmiscible iwith ian iaqueous iphase.We choose acetic acid as a model pollutant from ballistic industry. 
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Then i50 ig iof i2 iwt-% iaqueous iacetic iacid isolutions iwere iprepared iby iadding i16.6 immol iacetic iacid ito 

i367 immol ifirst-distilled iwater. iEach i50 ig iof iorganic iphases, iextractant iphase, icontaining ivarious itri-

octylamine i(TOA) icontent iof i0, i10, i20, i30, iand i40 iwt-%, irespectively, iwere icontacted iwith iaqueous iacid 

isolution iprepared iabove. iThe imixed isolutions, iwhich iwere iobserved iat ithe iinterface ibetween iaqueous iand 

iorganic iphases iformed iin ithe imiddle iof ithe imixed isolution iwithout iemulsion, iwere ikept ito ireach ian 

iequilibrium istate iwithin i30 imin. iThen, ithe iconcentration iof iacid iboth iin iaqueous iand iin iorganic iphases 

iwere isimultaneously imeasured. iPartition icoefficient ipresented iin iFig.8.4. iIt icould ibe iseen ifrom ithis ifigure 

ithat ithe ipartition icoefficients iof imethyl iisobutyl iketone i(MIBK) iand ichloroform iincreased iwith iTOA 

icontent ito iattain ia imaximum iat i40 iwt-% iTOA. iThereafter iit idid inot iincrease idespite iof ifurther iincrease 

iof iTOA icontent. iHowever, iwhen i2-octanol iwas iused ias ian iorganic iphase, ipartition icoefficient ireached ia 

imaximum iat i20 iwt-% iTOA iand ithen islightly idecreased ithereafter. iFigure i8.4 ialso ishowed ithat iMIBK 

ihas iexcellent iacid-extraction iproperties icompared iwith iother itwo isolvents. 

 

Figure i8.4. iThe ieffects iof ivarious iorganic iphases ion ithe ipartition icoefficient; isolid iline idenotes ia 

iregression. 

8.3 Effect iof iAmine iExtractant ion ithe iRemoval iof iAcetic iAcid 

The iselection iof iextractant iis ivery iimportant iat ithe ireactive iextraction iprocess. iIt ihas ibeen iinvestigated 

ithat ithe iaddition iof iamine iextractant ito iorganic iphase icould iincrease ithe iextraction iperformance idue ito 
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ithe iincrease iof ithe ipartition icoefficient. iIn igeneral, itertiary iamine iand iquaternary iammonium isalt iwere 

iextensively iutilized. iIn ithis istudy, iorganic iphase i(MIBK) icontaining ivarious itertiary iamines isuch iDEA, 

iTEA, iand iTOA iwas iused ito iinvestigate ithe ieffect iof ithe idegree iof ialkylation iof iamine iand ithat iof ialkyl 

igroup ion iextraction iperformance. iThe iexperimental iresults ifor ithe iacetic iacid iconcentration iremoved iin 

iaqueous iphase ivs. ithe iamount iof itertiary iamine iis ipresented iin iFig.8.5. iAs ican ibe inoticed, iamine iexhibits 

ia ibetter iextraction iperformance ithan isecondary iamine. iAlso, ias ithe inumber iof icarbon iin ialkyl igroup iof 

itertiary iamine iincreases, ithe iextraction iperformance iof iacetic iacid iin iaqueous iphase iis ienhanced. iBecause 

ihydrocarbon iacts ias ian ielectron idonor, iit ihas igenerally ibeen iwell iknown ithat ithe iincrease iof ithe inumber 

iof ieither icarbon iin ialkyl igroup ior ialkyl igroup iitself imakes ia istrong inonpair ielectron icharge idensity iof 

initrogen iatom iin iamine. iTherefore, iat ithe iinterface iof ian iaqueous iphase/organic iphase, ithe icomplex 

ibetween itertiary iamine iand iacetic iacid iwas ieasily iformed, icompared iwith ithat iof iother iamines, ito itransfer 

itoward iorganic iphase. 

 

Figure i8.5. iRemoval iof iacetic iacid iwith ivarious iamines. 

A ischematic iof iextraction imechanism iwas ipresented iin iFig.8.6. iUnder ithe isteady-state icondition, ithe imass 

itransfer ifor ia ifacilitation ifactor iwith ireaction iin ithe iinterface ibetween ithe itwo iphases iwas iderived iby ithe 

ireaction irate iexpression ifor ione-dimensional, isteady-state idiffusion iwith ireaction iin ia ihomogeneous 

imedium. iKe i(= ik1/k2 i), iis ithe irate iconstant ifor ithe iformation iof ithe iacid-base icomplex 

i[N(R3)H+][ACOO−]. 
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Figure i8.6. iThe ischematics iof ireactive iextraction iat iinterface ibetween iaqueous iand iorganic iphase. iKe iis 

ithe iequilibrium iconstant iof ithe iinterfacial ireaction. 

8.4 Removal iof iAcetic iAcid iwith iTemperature 

The ieffect iof itemperature iwith itri-n-octylamine icontent iof i0–40 iwt-% ion ithe iremoval iefficiency 

iof iacetic iacid iis ishown iin iFigs. i8.7. iExamining ithese ifigures, ithe iremoval iefficiency iof iacetic iacid iin 

iaqueous iphase igenerally iincreased iwith itemperature iand ithe icontent iof iTOA. iTOA iin iorganic iphase 

iplays ia irole ias ia icarrier, icausing iacetic iacid ito ifacilitate itransfer ito iorganic iphase. iTherefore, ithe iremoval 

iof iacetic iacid iincreased iwith ithe icontent iof iamine. iHowever, ithe imaximum ivalue iof iextraction 

iperformance iwas idifferent iaccording ito ithe iexperimental iconditions isuch ias iorganic isolvent, itemperature, 

iand iTOA icontent. iIn ithe icase iof iMIBK/TOA isystem iand ichloroform/TOA iused ias iorganic iphases, ia 

imaximum ivalue ifor ithe iremoval iof iacetic iacid iwas i64 iwt-% iand i53 iwt-%, irespectively, iunder ithe 

icondition iof i40 iwt-% iTOA icontent iat i25°C. iHowever, iwhen i2-octanol/TOA isystem iwas iused ias ian 

iorganic iphase i(see iFig. i8.8), ithe iextraction iperformance ihad ia iconvex itrend iwith iTOA icontent iin ithe 

itemperature irange iof i25–60°C. iAlso ia imaximum ipoint imoved iinto i20 ito i30 iwt-% iTOA icontent. iNotice 

ithat ithe imaximum iremoval iefficiency iof iacetic iacid iis i67 iwt-% iunder icondition iof i30 iwt-% iTOA iat 

i50°C. iBased ion ithe ienergy iefficiency, iit imay ibe ideduced ithat ithe ioptimum icondition iof iorganic iphase 

ifor ithe iextraction iof iacetic iacid iin iaqueous iphase iwas i40 iwt-% iTOA/MIBK iat i25°C. iThis icondition iwill 

ibe ilater iused ito icalculate ithe imass-transfer irate. 
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Figure i8.7. iThe ieffects iof itemperature ion iremoval iof iacetic iacid iin iaqueous iphase iusing iMIBK/TOA ias 

iorganic iextraction iphase. 
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Figure i8.8. iThe ieffects iof itemperature ion iremoval iof iacetic iacid iin iaqueous iphase iusing i2-octanol/TOA 

ias iorganic iextraction iphase. 

 

8.5 Calculation iof ithe iOverall iMass-Transfer iCoefficient 

Considering ithe iresistance iin iseries imodel, ithe ireciprocal iof ithe ioverall imass-transfer icoefficient iis ithe 

itotal iresistance i(Ra i) ito imass itransfer iand ican ibe idescribed ias ithe isum iof ithe imass-transfer iresistance 

iinside ifiber i(aqueous ifeed iside, iRaq i), iacross ithe ifiber iwall i(membrane iresistance, iRm i), iand ioutside ithe 

ifibers i(organic iextractant iside, iRorg i). 

 

Following iEquation i ican ibe iconverted iinto ithe iform iof 

 

where iKa irepresents ithe ioverall imass-transfer icoefficient, ikaq i, ikm i, ikorg iare ithe ilocal imass-transfer 

icoefficients ion ithe ifiber iinside, imembrane, iand ifiber ishell iside, irespectively. iH iis ithe isolute ipartition 

icoefficient ibetween ithe itwo icontacting iphases, iand idi i, ide i, idlm iare ithe iinternal, iexternal, iand ilogarithmic 

ilength iof ifiber, irespectively. 

Using ithe imembrane iextraction iprocess iwith ia ihollow-fiber imembrane icontactor, ithe ioverall imass-transfer 

icoefficient iwas icalculated iby iWilson-plot imethod iunder ithe iassumption iof iconstant ipartition icoefficient. 

iIn ithe icase iof inonconstant iH, ianother iapproach ifor imass ibalance ishould ibe iconsidered iover ithe 

iextraction iprocess. i iThe iconcentration iof ithe iacid iin ithe iaqueous isolution iwas imeasured ias ia ifunction iof 

itime ito idetermine ithe ioverall imass-transfer icoefficient i(Ka i) idefined iby 

 

where iJsol iwas ithe isolute iflux, iAm iwas ieffective imembrane iarea, iC(a) iwas ithe iconcentration iin iaqueous 

isolution iat itime i(t), iand iC(a) i* iwas ithe iequilibrium iacid iconcentration iin ithe iaqueous iphase. iAn 

iexponential idependency iof ithe iconcentration iof ithe isolute iin iaqueous iphase iwith itime ican ibe iestablished. 

iAccording ito ithe ifollowing iequation i, ithe iconcentration iof ithe iacid iin ithe iaqueous iphase ivaries iwith itime 

iin ithe iform iof ian iexponential iequation. 

 

where iα iand iβ idepend ionly ion iknown iparameters, iand itheir ivalues ican ibe idetermined iin iadvance. iBy 

ifitting ithe iexperimental idata ito ithis iexponential iequation, ioptimal ivalues ifor iγ iare iobtained. iThe 

iexperimental iresults iobtained ifor iacetic iacid iconcentration iin ifeed iphase i(C(a) i) ivs. itime ifor ione iof ithe 
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iexperiments iis ipresented iin iFig. i8.9. iKa iis idetermined iby isubstituting ithe ivalue iof ithe iother iparameters 

iin ibelow iequation. 

 

 

 

Figure i8.9. iAcetic iacid iconcentration ias ia ifunction iof itime. iThis iexperiment iwas icarried iout iunder icondition iof 

iconstant iaqueous ivelocity iof i8.2 icm3/sec iat i25°C. 

 

Table i8.2 ishows ithe ioverall imass-transfer icoefficients icalculated ifor ithe iextraction iprocess. iThese ivalues 

iindicate ia isignificant iincrease iin ithe imass-transfer icoefficient iwith iincreasing iTOA icontent. iCoelhoso iet 

ial. ireported ithat iincreasing iextractant iconcentration i(Aliquat i336) iimproved ithe imass-transfer iprocess 

ibecause ithe iuse iof ia ihigher iamine iconcentration ihad ian ieffect ion iincreasing ipartition icoefficient, iwhereas 

ithe idiffusion icoefficient iof isolute idecreased iwith iincreasing iamine iconcentration idue ito ithe iincrease iof 

ithe iviscosity iin iorganic iphase. 

TOA iContent i(wt-%) H Ka i(10−6m/sec) 

0 0.35 15.1 

10 0.46 18.5 

20 0.68 21.3 

30 1.33 24.7 
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40 1.61 26.4 

 

Table i8.2 ishows ithe ioverall imass-transfer icoefficients icalculated ifor ithe iextraction iprocess 

 

Consequently, ithe ioverall imass-transfer irate idecreased iwith iincreasing iamine iextractant, iwhich iwas iregarded ias ia 

icombined ieffect iof ithe ipartition icoefficient iand idiffusion icoefficient iof isolute. iTherefore, ithe imembrane iresistance 

iis iidentical ito ithe ilimiting istep ion ithe imass-transfer iprocess. iAssuming ithat ithe ilimiting istep iis ithe imembrane 

iresistance, ithe ioverall imass-transfer icoefficient imay ibe iexpressed ias i 

 

It i iindicates ithat ithe ioverall imass-transfer icoefficient iis iproportional ito ithe iproduct iof ithe ipartition icoefficient iand 

ithe idiffusion icoefficient iof isolute. iIn ithe iTOA/MIBK iorganic isystem, ithe iuse iof ihigher iTOA icontent iin iorganic 

iphase imade ia icontribution itoward iincreasing ipartition icoefficient iand idiffusion icoefficient iof isolute iat ithe isame 

itime. iThis imeans ithat iviscosity idoes inot iconsiderably iincrease idespite iof iincreasing iTOA icontent. iTherefore, iit 

iwas iconcluded ithat ithe ihigh iextraction iperformance iof ithe ipresent isystem iwas icaused iby ia isignificant iincrease iin 

idiffusion icoefficient iof ia isolute. 

 

Phase iII i i 

 

8.6 Characterization iof iActive iCarbon 

 
Observation iof ithe isurface imorphology iof iraw ideoiled iolive ipomace iand iactivated ibiochar iis ishown iin i 

iFig. i8.10 iRaw ideoiled iolive ipomace ihas idense istructure iwith ialmost ino ipores iin iit ibut ithe iOAB 

iproduced iat ioptimized isetting iis ihighly iporous iwith imicropores, itransitional ipores, iand imeso- iand 

imacropores iof ivarying ishapes. iApparent isize iof ithe ipores irange ibetween imicro- ito imesopores iand iare 

inot iwell-structured ibut ievident iof iopen iporosity. 

 

 

  

Figure i8.10. iSEM imicrographs iof i(a) iraw ideoiled iolive ipomace iand i(b) iolive-based iactivated 

ibiochar iproduced iat inumerically ioptimized isetting 

 

Mesoporosity iof ithe imaterial iis ifurther ivalidated iby ithe iappearance iof imesoporous ipeak ibetween i2θ iof 

i1.00 ito i1.75 idegrees iof iOAB idiffractogram i(Fig. i8.11a). iThe ipeak iis ibroad iin ia isense ithat ithe iOAB iis 
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inot iwell-structured iand ipores iare idistributed ito ia icertain irange iof ivalues. iWide iangle iscan iof iOAB 

ishowed itypical idiffractogram iof iactivated icarbon. 

Fig. i8.11 ib ishows ithe iFTIR ispectra iof iraw ideioled iolive ipomace i(SE) iand iOAB. iOAB ispectrum ishows 

ishoulder ipeaks iaround i1005, i1523 iand i423 icm-1
 idue ito iC=C, iC–O i iand iM-O ifunctional igroups, 

irespectively. i iSE ispectrum ishows ipeaks i i3350, i2926, i2849 iand i1158 icm−1
 ifor iO–H istretching; i1688 icm−1

 

ifor iC=C; i1612 icm−1
 ishoulder ipeak ifor iC-O; iand i1045 icm−1

 ifor iC-H. i 
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Figure i8.11 i. iDiffractogram iand iFTIR ispectra iof iolive-based iactivated ibiochar iproduced iat inumerically 

ioptimized isetting. 

 

The iinterpolated icurve iof izeta ipotential iof isuspended iOAB iis iplotted ias ifunction iof ipH iin iFig. i8.12 iThe 

izero ipoint icharge ipHzpc iof iOAB iis i6.63. iThis imeans ithat ithe iOAB isurface iis ipositively icharged iif ithe 

ipH iis ilower ithan ipHzpc iand inegatively icharged iif ithe ipH iis ihigher ithan ipHzpc. i 
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Figure iError! No text of specified style in document.-1. iZeta ipotential iof iOAB ias ifunction iof isolution ipH. 

 
FTIR 

 
Fourier itransform iinfrared ispectrometer i(FTIR-ATR, iNicolet i6700, iThermo iScientific) iwas iused ifor 

idetermining ifunctional igroups ipresent, iscanning ielectron imicroscopy i(SEM, iS-3400N, iHitachi) ifor 

icrystal imorphology, ithermogravimetric ianalyzer i(TGA, iDTG-60H, iShimadzu) ifor inon-isothermal 

idegradation, iX-ray idiffraction i(XRD, iXRD-600, iShimadzu) ifor icrystal istructure, ilattice iparameters 

iand ipresence iof imesoporous ipeak. iN2 iadsorption/desorption iwere iperformed iin iASAP i2020 

iphysisorption iinstrument. iThe isurface iarea iand ipore isize idistribution iof ithe imaterial iwas 

iapproximated iusing iBrunauer–Emmet–Teller i(BET) iand iBarret–Joyner– iHalenda i(BJH) imethod, 

irespectively. 

The izero ipoint icharge iof ithe iactivated ibiochar iwas idetermined iby imeasuring izeta ipotential iof 

isuspension iin iwater icontaining iOAB iat idifferent ipH ivalues. iPolynomial iinterpolation iof iwas 

iperformed ito idetermine ithe ipH iat iwhich ithe ivalue iof izeta ipotential iis izero. 
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Figure i8.13 iFRIT icurve iof ithe iactive icarbon 

Thermal ianalysis i 

 

Figure i8.14 i ishows ithe iTG iand iDTA icurves iobtain ifrom ithe ithermo igravimetric iexperiment iat ithe 

iheating irate iof i10 i°C imin-1. iThe ithermal idecomposition iof iSE iis ia ithree-stage iprocess iinvolving i(1) 

idehydration iof iadsorbed imoisture iat i0-180°C, i(2) idegradation iof ibiodegradable icomponent ilike 

ihydrocarbons iat i200-350°C, iand i(3) idegradation iof iprotein, isugars iand ialiphatic icompounds iat i380-

500°C iwith ithe ilast itwo iprocesses ias imain idegradation isteps ifor ithe idecomposition iof ilignocellulosic 

iSE. iRange i1 i(200-350°C) ihas ian iactivation itemperature iof i228oC iwhile iRange i2 i(380-500°C) ihas ian 

iactivation itemperature iof i414oC. iDTA ifor iboth irange iof itemperatures ishowed iendothermic ipeaks 

iwith maximum iendothermic ipeak iat i380-500oC. i 
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Figure i8.14 iTG iand iDTA iof ideoiled iolive ipomace. 
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Table i8.3 ishows idifferent imodels ifor ig(α) iand itheir icorresponding iR2 iduring ilinear ifitting. iThe 

iactivation ienergy iof ievery iprocess i(dehydration iand ideamination) ileads ito ithe ivalues iof ithe ikinetic 

iand ithermodynamic iparameters i(Table i8.3 i). iBased ion ithe icalculated ithermodynamic iparameters, 

iboth irange iof itemperatures itend ito ibe ithermodynamically iunstable idue ito ipositive ivalues iof iΔG‡, iand 

inon-spontaneous ifor iRange i1 iand ispontaneous ifor iRange i2 idue ito ithe inegative iand ipositive iΔS‡, 

irespectively. iThe ipositive ivalues iof iΔH‡ ifor iboth irange iof itemperatures ionly imean ithat ithe 

idegradation ihighly iendothermic idue ito ia idrastic iloss iof iweight iof iSE. 

 

Table i8.3 iListed ifitting ivalues iof ideoiled iolive ipomace iat idifferent ikinetic imodels. 

Code Function iname g(α) 
Range 

200-350 ioC 380-500 i ioC 

Rxn iOrder iModels    

R1 Mampel −ln(1-α) 0.98282 0.97927 

R1.5 Chemical ireaction iorder i1.5 2[(1-α)-3/2-1] 0.99275 0.99501 

R2 Chemical ireaction iorder i2 (1−α)−1−1 0.99036 0.99493 

Nucleation iModels 
   

A2 Avrami-Erofeev i2 [−ln(1−α)]1/2 0.84982 0.91462 

A3 Avrami-Erofeev i3 [−ln(1−α)]1/3 0.94187 0.95193 

A4 Avrami-Erofeev i4 [−ln(1−α)]1/4 0.97066 0.96962 

P4 Power ilaw i1/4 α1/4 0.41341 0.76711 

P3 Power ilaw i1/3 α1/3 0.84971 0.18626 

P2 Power ilaw i1/2 α1/2 0.9408 0.42227 

P1 Power ilaw i1 α 0.96987 0.83627 

Diffusion imodels    

D1 One idimensional idiffusion α2 0.97722 0.8985 

D2 Two idimensional idiffusion α+(1-α)ln(1-α) 0.98058 0.93501 

D3 Jander [1−(1−α) i1/3]2 0.98375 0.96721 

D4 Ginstling iand iBrounshtein 1−(2/3)α–(1−α)2/3 0.98172 0.94895 

Geometrical icontraction    

C1 Contracting icylinder 1−(1−α)1/2 0.97718 0.94167 

C2 Contracting isphere i/cube 1−(1−α)1/3 0.97923 0.95862 

 

 

 

 

 

Table i8.4 iKinetic iand ithermodynamic iparameters ifor ithe ithermal idecomposition iof ideioled iolive ipomace. 

 

8.7 Geopolymers iCharacterization 

SEM: i 

Given ithe iunique ithree-dimensional inetwork istructure, igeopolymer-based iinorganic imembranes ican 

iintercept, icapture iand ifix iheavy imetal iions. iSEM ianalysis idiagram iof ithe igeopolymer-based iinorganic 

imembrane iis ishown iin iFig. i8.15. iThe igeopolymer-based iinorganic imembrane isurface iwas ismooth iand 

ithe iinner iwas ian iobvious iporous istructure, iwhich iprovided igood ipassages ifor iwater ipermeation i[3]. 

iThese igels iwere iconverted iinto ithree-dimensional inetwork istructures i(whilst iforming ia iporous istructure) 

Range Activation 

ienergy i(Ea) 

(kJ imol-1) 

Frequency 

Factor i(A) 

(min-1) 

ΔS‡ 

( iJ imol-1 iK-1) 

ΔH‡ 

( iJ imol-1) 

ΔG‡ 

( iJ imol-1) 

200-350 ioC 56.80 1.08 i i105 -186.98 48462.12 1.42 i105 

380-500 i ioC 218.51 2.18 i i1017 48.68 207082.50 1.74 i105 
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iafter idehydration. iAs ithe imolar iratio iof iH2O/Na2O iincreased, iboth ithe idense idegree iof ithe iinorganic 

imembrane isurface iand iintergranular igelation idegree iwere ireduced, ibut ithe iparticles iof ithe iedges iand 

icorners icleared igradually iand ithe iaperture iincreased, ias ishown iin iFig. i8.15 i(A-D) 

 

   

   

   

Figure i8.15. iSEM imicrograph iof i13X izeolite iand i13X-OAB icomposite imembrane. 

XRD 

Even iif igeopolymers iare iX-ray iamorphous, iXRD ianalysis iis iusually icarried iout ito icheck ithe ipresence iof 

iany iundesired icrystalline iphases ideveloped iduring icuring ithat icould iaffect imechanical iproperties, isuch ias 

izeolites, ior ialready ipresent iin ithe iparent imaterials ias iimpurities, ilike iquartz ior icrystalline ikaolinite. iIn 

iparticular, ithese ilast, ihaving ia inon-centrosymmetric istructure icould icontribute ito ithe igeneration iof 

ielectrical idipoles iduring imechanical istress iFig. i8.16 i(a) ishows ithe iXRD ipatterns iof imetakaolin iraw 

ipowder i(lower icurve) ias iwell ias ithat iof ithe isynthesized igeopolymer i(upper icurve). iMetakaolin iexhibits ia 

ipronounced ibroad ihump icentered iat iapproximately i22° i2θ iwith ifew ipeaks, iindicating ithat iit icontains 

iessentially iamorphous isilica iand ialumina iand iQuartz i(PDF ino i01-083-2468) iand iMuscovite i(PDF ino i00-

002-0055) iimpurities ias icrystalline iphases. iNo idiffraction ipeaks iof iits iparent imaterial, ikaolinite, iwere 

idetected. iAfter ireaction iwith isodium isilicate isolution, iXRD ipattern ishows ia ishift iof ithe icentre iof ithe 
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ioriginal ibroad ihump ifrom i22° i2θ ito iapproximately i28° i2θ, ithat ican ibe iconsidered ithe itypical 

idistinguishing ifeature iof ithe igeopolymeric imaterials. iAll isharp ipeaks ifrom icrystalline iphase iin iparent 

imaterial iare istill ipresent iin ithe igeopolymer idiffraction ipattern, ithus iconfirming ithat ithey ibehave ias 

iinactive ifillers iin ithe igeopolymer ibinder. iQuartz icould iindeed icontribute, ieven iif iunlikely ito ioccur, isince 

ithe icrystal ineed ito ibe icut iand iloaded ialong iits isymmetry idirections, ito ithe igeneration iof ielectrical idipoles 

iduring imechanical istress, ithus ito ipiezoelectric iactivity. iFig. i8.16 ib ishows ithe iFTIR ispectra iof iOAB, ibare 

i13X iand i13X-OAB icomposites. iFunctional igroups iof iOAB iare imasked iwith ithe ifunctional igroups iof ithe 

icomposites. iFTIR ispectra iof ithe icomposites ishow ithe isame ifunctional igroups. iThe ispectra ishow 

ivibrational ishoulder iband iat i1060 icm-1 iwhich iis iassociated iwith iunreacted ialuminosilicate; isharp ipeak iat 

i955 icm-1 icorresponds ito iSi-O-Si iof igeopolymer-13X inetwork iformed i; i3383 iand i1642 icm-1 iindicates 

ithe ipresence iof i-OH igroups ion ithe isurface iof iNaX; i548 icm-1 iare ibands ilocated iat ifingerprint iregion ifor 

ifaujasite izeolites. 
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Figure i8.16 iDiffractogram i[(a) inarrow iand i(b) iwide iangle] iand i(c) iFTIR ispectra iof iolive-based iactivated 

ibiochar, i13X izeolite iand i13X-OAB icomposites. 

 

The iinterpolated icurve iof izeta ipotential iof isuspended iOAB iis iplotted ias ifunction iof ipH iin iFig. i8.17. iThe 

izero ipoint icharge ipHzpc iof iOAB iis i6.63. iThis imeans ithat ithe iOAB isurface iis ipositively icharged iif ithe 

ipH iis ilower ithan ipHzpc iand inegatively icharged iif ithe ipH iis ihigher ithan ipHzpc. iThe ilinearly iinterpolated 

icurve iof izeta ipotential iof isuspended i13X iand i13X-OAB icomposites iare iplotted ias ifunction iof ipH iin iFig. 

i8.17. iThe izero ipoint icharge ipHzpc iof i13X iand i13X-OAB i5.27 iand i4.43, irespectively. iThis imeans ithat 

ithe isurface iis ipositively icharged iif ithe ipH iis ilower ithan ipHzpc iand inegatively icharged iif ithe ipH iis 

ihigher ithan ipHzpc. iCationic idyes iare iMB iand iRhB ican ibe iadsorbed iby ithe icomposite imaterials ibecause 

iof ithe iinherent inegative icharge iof ithe isurface, i13X-OAB ibeing imore inegative ithat i13X imakes iit ieasier 

ifor icationic idyes ito iadsorb ion iits isurface, iin iaddition ialuminosilicate imaterials igreatly irely ion 

ielectrostatic iattraction ifor iadsorption iso iaddition iof iOAB ito ithe igeopolymer-13X imatrix iextends ithe 

iadsorbing iability iof imaterial. iMB iadsorption iis ihigher ifor iboth icomposites ithat iwith iRhB; ithough iboth 

icationic idyes, iRhB iis islightly imore inegative i(pKa=3) ithan iMB i(pKa=3.8), istructurally ibulkier iand ihas 

imore iH-bond iacceptor icount i(more ilone ipairs) ithan iMB i. iAdsorption ionto ihighly inegative isurface iis 

iexpected ito ibe ilow ifor iRhB ithan iwith iMB.In some case we also see the desorption when a small amout of 

dye is passing on permeate side. Also we see the increase of dye concentration in feed tank after some time of 

treatment. 
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(a) Zeta ipotential iof iOAB ias ifunction iof isolution ipH. 
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Figure i8.17 i(b). i iZeta ipotential iof i13X iand i13X-OAB ias ifunction iof isolution ipH. 

Permeation itest i 

Fig. i8.18 ishows ithe idifference iin ipermeability iof i13X iand i13X-OAB imembranes. iAddition iof iOAB iinto 

ithe igeopolymer-13X imatrix igreatly ienhanced ithe ipermeation iof iwater ithrough ithe iceramic imembrane 

iwith imeasured ipermeability iof i6.16 iand i11.67 iL im-2 ibar-1 ih-1 ifor i13X iand i13X-OAB, irespectively. iThe 

ipermeability i13X icomposite iis icomparable ito ireported iwater iflux iof iFAU imembrane. i 
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Figure i4-18. iPermeability iof i13X izeolite iand i13X-OAB icomposite imembrane. 

 

Mechanical istrength 

The ieffect iactive icarbon ion ithe imechanical istrength iof ithe imembranes iwas iconducted ito iverify iwhether 

iit idoes iany icompromise ithe imechanical iintegrity iof ithe imembrane. iThe ieffects iwere iassessed iby imeans 

iof ithree iindicators: ia) ithe itensile istrength, ib) ithe imaximum ielongation ithat ithe imembranes ican iendure 

ibefore ithey iare iruptured i(elongation iat ibreak), iand ic) ithe imembrane’s iYoung iModulus. iThe imaximum 

ipressure iat ibreak iand iYoung iModulus ivalues iare ipresented iin iFig. i8.19 

 

 

 

 

 

 

 

 

 

 

Fig i8.19 iMechanical istrength iof ithe imembrane iwith iand iwithout iAC 

The imechanical istrength iresults iin iFig. i8.19 ishow ithat, ithough ithere iare isubtle idifferences iin ithe 

imaximum ipressure iat ibreak iof ithe imembrane iwith iand iwithout iAC, ino iclear itrend ican ibe iconfirmed. 

iThe ioverall istiffness iof ithe imembrane, ias imeasured iby ithe iYoung iModulus, iincreased iwhen ithe 

imembranes iwere iexposed ito ithe iacidic imedium. iThis ieffect iis ifar imore ipronounced ifor igeopolymeric 

imembrane. iWhen ithe imembranes iwere imixed iwith iAC, iYoung imodulus ivalues i3–20% ilower ithan ithose 
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iof ithe ivirgin isamples iwhich, iindicating ia islight idecrease iin istiffness. iThe imechanism iby iwhich ithe 

ideposited icoating icaused isuch istiffness ichange iis inot iclear. 

 

8.8 i Dead iend imembrane iseparation iof iMB i 

 

13X iand i13X-OAB iceramic imembranes iwere icarefully iplaced iO-rings iin ithe iTeflon imembrane iseparation 

imodule i(Fig. i8.19). iThe imodule iis ifirst ifilled iwith idistilled iwater iand ipermeation iis imeasured iat idifferent 

ioperating ipressure i(1, i1.5. i2, i2.5 iand i3 ibar iair ipressure). iThe imodule iis iemptied iand ifilled iwith i100 img 

iL-1 iMB. iMB iseparation iis iperformed iat i2 ibar ipressure iand ipermeate iis icollected iat ipredetermined itime 

iinterval. iInitial idata ion iMB iseparation iwere ifitted iwith ithe ikinetics imodels. i iThe imembrane ibefore iand 

iafter ithe iMB iadsorption iis idemonstrated ihere iwhich ialso iprove ithat ithe imembrane iis igetting iadsorbed 

iwith iMB iwith irespect ito itime. 

 

 

 

 

(a) 
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(b) 

Figure i8.19 i(a) iExperimental isetup ifor idead-end imembrane iseparation iof iMB.(b) imembrane ibefore iand 

iafter ithe iadsorption 

  

8.9 i i i i i i i i iPhotodegradation istudies 

The iAOB imembrane iis iin ifact ia imixed imatrix imembrane ithat icontains iboth iorganic i(polymer) iand 

iinorganic i icomponents. iPrior ito ithe iphoto-degradation istudies, ia ibetter iunderstanding iof ithe iaffinity 

ibetween ithe imembrane icomponents i(both iorganic iand iinorganic) iand ithe ifeed isolution iin iwhich ithe 

imembrane iwill ibe iused iwas iasserted. 

Upon iestablishing imembrane/feed icompatibility, ithe idecomposition iof iMB, iother imodel icomponent ifor 

ican ibe iused ifor iexperimentally istudied. iThe icombined ieffect iof ilight iand ieffect iof iAC iis iclearly ivisible 

iin iFig. i8.20. iIn ithe icase iof iAC imembranes, ifor itwo idifferent iruns ireaction iactivity ipattern iwas iobserved: 

iAfter iswitching ion ithe isolar isimulator, ithere iwas iminor iphotodesorption iof ithe iMB i(reflected iby ithe 

ipermeate iconcentration ispike, iin ithe ifirst i40 imin) iwhich iwas ifollowed iby ia ipronounced idecrease iof ithe 

ipermeate iconcentration iin iMB i(resulting iin imore ithan i30% idegradation). iAfter ialmost i2 ih iof ifeed 

icirculation iunder isolar ilight, ithe iMB iconcentration iin ipermeate ireached ia isteady istate. iOn ithe iother ihand, 

ifor ithe iPMR iloaded iwith ivirgine imembranes, ithe ipermeate iconcentration iremained ialmost istable, 

iconfirming ithat ithe imembrane iwith iacive icarbon i(AC) iwas ithe idetermining ifactor ifor iMB idegradation. 

iThe idegradation istudies ifor iMB ifeed isolution iwas icontinuously irecirculated ithrough ithe imembrane iupper 

ishell iside ifor itwo iperiods: ithe idark iand ithe ilight iphase. iPermeate iconcentration iwas imonitored iand 

imeasured iat ifixed itime iintervals. iAs ishown, ithe isame ipattern ias iin ithe icase iof iMB iwas iobserved. iWhen 

ithe isolar ilight iwas iswitched ion, ithere iwas ian ialmost iimmediate iincrease iof ipermeate iconcentration iin ithe 

ipermeation i(during ithe ifirst iphotodesorption iperiod iof i40 imin) ifollowed iby ian ialmost ilinear idecline ifor 

i230 imin. iMore ithan i80% iMB iwas idegraded iby ithe iend iof ithis iperiod.. 
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.  

 Fig i8.20. i iof iMB iconcentration icollected iunder ithe ieffect iof isimulated isolar ilight 

ifor ia i 

The isamples ifrom ithe imodule iruns iwith iAC i imembranes iwere ianalyzed ito iprobe ithe ioxidative 

idegradation iof iMB idue ito ithe iphotocatalytic ieffect iin ithe imembrane imodule. iThe ifirst isample iwas 

iextracted ifrom ithe ifeed i(pure iMB iaqueous isolution) iand ithe isecond isample iwas ia ipermeate isample 

icollected i140 imin iafter iswitching ion ithe isolar isimulator. iThe icomparison iof ichromatograms iobtained 

ifor iboth isamples i(not ishown ihere) ishowed iclear iand idistinct ipeaks ifor ithe ipermeate isample, iwhich 

iwere iattributed ito idegradation ibyproducts iof iMB iin ithe ipermeate. iStandard ierror iof i6% ihas ibeen 

iobserved iin ithe idegradation istudy iwith iMB iwhich iindicate ithe istability iof ithe icoated ifilms ion ithe 

imembrane isurface. iThough iHPLC ianalysis iconfirmed ithe idegradation iof iMB, ia ithorough 

iidentification iof ithe iparticular ibyproducts iwas iout iof ithe iscope iof ithis iwork iand ithus iinvestigation 

iof ithe itoxicological iparameters iof ithe idegraded iproducts iis iproposed ias ia ifuture iextension iof ithis 

iresearch. 

8.10 i Kinetics iStudy 

The itests iwere icarried iout iat iroom itemperature, iafter ithe iaddition iof ithe igeopolymer ia irise iin ithe ipH ito 

i9.3 iwas inoted. iThe iadsorbent iratio iis ia ivery iimportant iparameter iin ithe idetermination iof ithe iadsorption 

icapacity, ithe ioptimization iof ithe iamount iof iadsorbent ito ibe iadded iplays ia ivital irole iin ithe iMB iadsorption 

iprocess. 

The iquantity iof igranular isolid iwas ichanged iwhile imaintaining ithe iinitial iconcentration iof idye iconstant, 

iin iparticular i15mg iand i30mg iof ipowdered igeopolymer iwere iused. iThe iresults iobtained ishow ihow ithe 

ipercentage iof idye iremoval iincreases iwith ithe iincrease iin ithe iamount iof iadded iadsorbent isolid. 

 

Figures i8.20 i ishow, iby iway iof iexample, ithe itrend iof iremoval iefficiency iduring ithe iimmersion itime iin 

ithe isolid i15mg, i30mg. iIt ican ibe iseen ithat ias itime iincreases, ithe isolution itends ito ibecome iclearer, 

idemonstrating ithat ithe iconcentration iof iMB iin isolution idecreases iwith itime. 
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Figure i8.20 ia i- iremoval iof ithe idye iover itime, i15mg isolid 

 

 
Figure i8.20 ib iremoval iof ithe idye iover itime, i30mg isolid 

 

Figure i8.20 ic ishows ithe itrends iof iremoval iof isamples icontaining i15 img iand i30 img iof igeopolymer, 

iafter i120 iminutes ithe istationary iis ireached. iIt ishould ibe inoted ithat ithe idoubling iof ithe isolid idoes inot 
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igreatly iaffect ithe iremoval iof icolorant iindex iwhich ialready iat i15 img ireaches ithe imaximum ilevel iof 

iadsorption i. i  

Figure i8.20 ic-comparison iremoval iwhen ithe iadded isolid iis ichanged 

 

The iimpact iof ithe iinitial iconcentration ion ithe iMB iadsorption ifrom ian iaqueous iphase iwas istudied iat 

idifferent itime iintervals iin ithe irange ifrom i0 ito i1440 imin i(24h). iThe iresult iis ishown iin iFig.8.20 id. iIt ican 

ibe iseen ithat ithe iremoval idue ito iadsorption idecreases iwith idecreasing iconcentration, iin ifact iat i25 img i/ 

iL, ithe imaximum iadsorbed iconcentration iis ireached, iwhich idecreases ifor ia iconcentration iequal ito i200 img 

i/ iL. 

 

 
Figure i8.20d i- iEffect iof ithe iinitial iconcentration ion ithe ipercentage iof icolorant iremoved 

 

The ieffect iof ithe iinitial ivariation iin ithe iconcentration iof iMB ion ithe iadsorption icapacity iof iMB, iQe, iis 

ishown iin iFig.8.20 ie. iThe iresults iobtained ifor ithe iadsorption icapacity iat iequilibrium iincrease ifrom i2.4 

img i/ ig ito i15.9 img i/ ig, iwith ian iincrease iin ithe iinitial iconcentration iof idye ifrom i4 ito i200mg i/ iL. iAfter 
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imaximum iabsorption, ithere iare ino ifree isites iin ithe iadsorbent i, itotally ioccupied iby ithe idye imolecules 

i(MB) i  

Figure i8.20 ie i- iEffect iof iinitial iconcentration ion iadsorption icapacity 

 

The idata iof ithe iadsorption ikinetics iof iMB iusing i15 img iof igeopolymer ias iadsorbent iwere ianalyzed iwith 

ikinetic imodels iof ipseudo-first iorder iand iof ipseudo-second iorder. iThe ifollowing iare iexamples iof ithe 

igraphs iof iinterpolations, iwith ithe irelative istraight iline iused ito iderive ithe iparameters iKn, iwhere in iis i1 ior 

i2 ibased ion ithe ifirst ior isecond iorder ikinetics, iand iQmodello, iusing ithe itwo ikinetic imodels. 

Below iare ithe igraphs ifor ithe iconcentration iat i25 img i/ il. 

 

 
Figure i8.20 if-Pseudo ifirst-order imodel iC0 i= i25mg i/ il 
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Figura i8.20 if-Pseudo isecondo iorder imodel iC0 i=25mg/l 

 

 
Figure i8.20 ig iPseudo isecond iorder imodel i(---), iexperimental idata i(●). iC0 i= i25mg 

 

 

 

As ishown iin ithe itables iand igraphs, ithe ikinetics ithat ibest iapproximate ithe idata iis ipseudo isecond iorder. 

In itab i8.6, iin isummary, ithe iresults iof ithe isimulations icarried iout iwith ithe itwo ikinetic imodels iare ireported. 

 

C0 

 i[mg/l] 

Qexp 

 i[mg/g] 

Pseudo iprimo iordine Pseudo isecondo iordine 

Qmod 

[mg/g] 

K1 

[1/min] 

R2 Qmod 

[mg/g] 

K2 

[g/mg imin] 

R2 

6 3.475 2.56 0.0805 0.9796 3.62 6.8·10-2 0.9996 

8 4.93 3.38 0.0749 0.9712 5.23 3.3·10-2 0.997 

10 6.33 4.13 0.0586 0.9523 6.56 3.97·10-2 0.9997 

15 9.375 5.50 0.0455 0.9314 9.77 2.06·10-2 0.9997 

25 15.2 9.59 0.0444 0.8578 15.95 1.17·10-2 0.9994 

50 28.11 21.423 0.0032 92.32 30.33 2.71·10-4 0.9957 

100 32.27 35.86 0.0046 99.6 39.64 2.78·10-5 0.9756 

150 37.33 34.93 0.0023 98.933 46.08 6.12·10-5 0.9923 

200 39.05 31.41 0.0017 85.33 45.04 7.91·10-5 0.9727 
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Adsorption iisotherms iwere iused ito idescribe ithe imechanism iof iMB iinteraction ion ithe iadsorbent isurface. 

In iparticular, itwo imodels, iLangmuir iand iFreundlich, ihave ibeen iadapted ito ithe iexperimental idata, 

iisothermal iparameters iand ithe ivalues iof ithe icorrelation icoefficients i(R2) iare isummarized iin iTable i8.6 i 

iThe iresults ishow ihow ithe iR2 ivalue iobtained ifrom ithe iisotherm iequation iof iLangmuir i(0.9951) iis igreater 

ithan iFreundlich i(0.9316). iFrom ithis iit ican ibe iseen ithat ithe iadsorption iof ithe iMB, iwith ithe igeopolymer, 

ican ibe iadequately idescribed iwith ithe iLangmuir imodel iand itherefore iconsists iof isurface iadsorption iand 

ihomogeneous imonolayer. i 

 

The imaximum iabsorption icapacity ifor ithe iremoval iof iMB, iQm iis iequal ito i39.52 img i/ ig, iwhile ithe 

iseparation ifactor iRL iis iin ithe irange iof i0.02 iand i0.54, idemonstrating ithat ithe iabsorption iof iMB iwith 

igeopolymer iis ifavorable. i. 

 

 

8.20 ih- iLinierizationFreundlich imodel 

 

 

8.20 ii- iLinierizationFreundlich imodel i(---), iexperimental idata i(●) 

 

 

y = 0.1738x + 2.8315
R² = 0.9316

2

2.5

3

3.5

4

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

LN
Q

e

LNCe

15.00

25.00

35.00

45.00

0 20 40 60 80 100 120 140 160

Q
e

[m
g/

g]

Ce
[mg/l]



194 
 

 

8.20 ij- iLinierization iof iLangmuir imodel 

 

 

Figure i8.20k i iLinierization iof iLangmuir imodel( i---), iExerimental idata i(●) 

 

Adsorption iisotherms iwere iused ito idescribe ithe imechanism iof iMB iinteraction ion ithe iadsorbent isurface. 

In iparticular, itwo imodels, iLangmuir iand iFreundlich, ihave ibeen iadapted ito ithe iexperimental idata, 

iisothermal iparameters iand ithe ivalues iof ithe icorrelation icoefficients i(R2) iare isummarized iin iTable i8.6 

iThe iresults ishow ihow ithe iR2 ivalue iobtained ifrom ithe iisotherm iequation iof iLangmuir i(0.9951) iis igreater 

ithan iFreundlich i(0.9316). iFrom ithis iit ican ibe iseen ithat ithe iadsorption iof ithe iMB, iwith ithe igeopolymer, 

ican ibe iadequately idescribed iwith ithe iLangmuir imodel iand itherefore iconsists iof isurface iadsorption iand 

ihomogeneous imonolayer. 

The imaximum iabsorption icapacity ifor ithe iremoval iof iMB, iQm iis iequal ito i39.52 img i/ ig, iwhile ithe 

iseparation ifactor iRL iis iin ithe irange iof i0.02 iand i0.54, idemonstrating ithat ithe iabsorption iof iMB iwith 

igeopolymer iis ifavorable. i. 

 

Phase i iIII 

8.11      Membrane isynthesis iand icharacterization i 

 The iobtained imembranes iare ivery iinteresting isince iultrafiltration iactive ilayers ihave ibeen idirectly 

ideposited ion ithe izeolite isupport iwithout ithe ineed iof ian iintermediate iMF ilayer, ias iit ihas ibeen iusually 
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iconsidered. iSynthesis iwithout ithe iintermediate iMF ilayer icould iminimize ithe iresistance iagainst ithe imass 

itransfer iand ithus iimproves ithe imembrane ifiltration iperformance. 

 

8.11.1 iMorphology iand ipore isize idistribution 

 SEM iimages iof ithe isurface iand ithe icross-section ifor ithe idifferent izeolite iultrafiltration imembranes 

isintered iat i880°C ifor i3h iare ishown iin iFig. i8.21 iand iFig. i8.22. iFig. i(8.21-a), iFig. i(8.21-b) iand iFig. i(8.21-

c) iillustrate ithe isurface imorphology iof iultrafiltration imembranes iDZ/Z, iMZ/Z iand iZ42/Z, irespectively. iIt 

iis iclearly iobserved ithat iall isamples ihave ihomogeneous iand ismooth isurface iwith ithe iabsence iof iany 

imacro-defects. iThe icross-section imicrographs ishown iin iFigs. i(8.22-a,b,c), ifor iDZ/Z, iMZ/Z iand iZ42/Z, 

irespectively, iprove ian iexcellent iadhesion ibetween ithe iultrafiltration ilayer iand ithe isupport, iconfirming ithe 

iefficacy iof ithe islip icasting itechnique ifor ithe isynthesis iof ithe imembranes. iFor iDZ/Z imembrane, iit iwas 

inoticed ithat ithe iused islip icasting imethod iallows ian ieasy iand isufficient iflow iof ithe isuspension iinside ithe 

imembrane isupport iwithout ideep iinfiltration. iAfter i7 iminutes, ian iultrafiltration ilayer iof iabout i11.1 iμm ifor 

iDZ/Z imembrane iwas iobtained i(see iFig. i8.22-a). iWhereas, ifor ithe iother imembranes, iMZ/Z iand iZ42/Z, 

ithere iwas ia islight iinfiltration iof ithe isuspension iinto ithe ipores iof ithe imembrane isupport, ithereby icausing 

ithe iformation iof ian iultrafiltration ilayer iwith ithickness iof i2.4 iμm iand i10 iμm ifor iMZ/Z iand iZ42/Z, 

irespectively i(see iFig. i8.22-b ifor iMZ/Z iand iFig. i8.22-c ifor iZ42/Z). 
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Figure i8.21 i(a,b,c) iSEM imicrographs iof izeolite iultrafiltration imembranes isurface: iDZ/Z i(a), iMZ/Z i(b) 

iand iZ42/Z i(c). 
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Figure i8.22: iSEM imicrographs iof izeolite iultrafiltration imembranes icross-section: iDZ/Z i(a), iMZ/Z i(b) 

iand iZ42/Z i(c). 
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The idetermination iof iUF ipores isize iwas idone iusing iadsorption/desorption iisotherm iof iN2 iat i77 iK i(Figs. 

i(8.23-a,b,c)). iResults iprove ithat iall ithe ielaborated iUF imembranes iexhibit ia itype iIV iadsorption iisotherm 

iaccording ito iIUPAC, iwhich iis iassociated iwith imesoporous istructure. 

 

 

Figure i8.23 iNitrogen iadsorption-desorption iisotherm iof izeolite iultrafiltration imembranes: i(a), iMZ/Z i(b) 

iand iZ42/Z i(c). i 
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Fig.8.24 ishows ithe ipore isize idistribution iof ithe itop ilayer iof ithe ithree izeolite iultrafiltration imembranes 

isintered iat i880°C ifor i3h. iThe imean ipore idiameters ifor iDZ/Z, iMZ/Z iand iZ42/Z iwere i10.5 inm, i11nm iand 

i8 inm, irespectively. iThese ivalues ifurther istrengthen ithe iearlier ispeculation ithat ithe isynthesized 

imembranes iare iultrafiltration imembranes. iIn iaddition, iall ithe icurves irelative ito ithe ithree isamples ireveal 

ithe ipresence iof ian iintense ipeak ilocated ibetween i15 iand i16 inm. iBy icomparing ithe ipore isize idistribution 

iof ithe izeolite isupport ialone iin ithe isame iconditions, ithese ilarge iand iintense ipeaks icorrespond ito ithe ipore 

idiameters iof ithe iupper ilayer irelative ito ithe imembrane isupport iwhich ihas iabsorbed ithe islip. 

 

Fig i8.24 iNitrogen iadsorption-desorption ipore isize idistribution iof iDZ/Z, iMZ/Z iand iZ42/Z isintered iat 

i880°C i/ i3 ih 

8.11.2  Permeability itests 

 Results iof ithe ipermeability itests iof ithese imembranes iconducted iusing idistilled iwater iare idepicted 

iin iFig. i8.25. iFor iall izeolite imembranes, ithe iwater iflux iincreased ilinearly iwith iincreasing ifeed ipressure, 

iobeying iDarcy's ilaw. iThe iaverage iwater iflux iobtained ifor iDZ/Z, iMZ/Z iand iZ42/Z iwas i176, i125 iand i118 

iL/h.m2.bar, irespectively. i 

 

Figure i8.25 iPermeability iof iultrafiltration imembranes. 

 

d
V

/d
(L

o
g
D

) 
i(

g
.c

m
-3

.n
m

-1
)

Pore idiameter i(nm)

Z42 / Z

DZ / Z

MZ / Z

Flux = 176 * Pressure

Flux = 125 * Pressure

Flux = 118 * Pressure

0

200

400

600

800

1000

1200

1400

0 1 2 3 4 5 6 7 8

F
lu

x
 (

L
/ 

h
.m

 2
)

Pressure (bar)

DZ / Z

MZ / Z

Z42 / Z



200 
 

8.11.3  Characterization iof iwastewater 

  The isynthesized iand icharacterized imembranes iwere iemployed iin ithe itreatment iof itwo 

iwastewater isources inamely: iCuttlefish ieffluent icollected ifrom ia isea iproduct-freezing ifactory ilocated iin 

iSfax i(Tunisia) i(EF1) iand iheavy imetal-contaminated ieffluents ifrom ielectroplating iindustry i(SOPAL) 

ilocated iin iSfax, iTunisia i(EF2). iResults iof ithe icharacterization iof iEFI iand iEF2 iare ipresented iin iTable 

i8.7. i 

 

Table i8.7: iMain icomposition iof ithe iraw iwastewater ieffluents. 

 

Sample pH 
Conductivity i 

(mS/cm) 

Turbidity 

(NTU) 

COD 

(mg/L) 

Fe3+ 

(mg/L) 

Cl- 

(mg/L) 

EF1 7.05 1.15 188 1350 - - 

EF2 2.90 3.34 - 1048 6.23 828 

 

8.11.4 Ultrafiltration itreatment 

 The ifiltration itests ion ithe iprepared izeolite imembranes, iDZ/Z, iMZ/Z iand iZ42/Z, iwere iconducted iat 

iroom itemperature iand iat itransmembrane ipressure iranged ifrom i3 ito i5 ibar. iThe ipermeate iflux ias ia 

ifunction iof itime ifor ithe imembranes iis ishown iin iFig. i8.26. iThe iresults ireveal ithat ithe ipermeate iflux 

idecreased islightly iwith itime ito iobtain ia istable ivalue iafter i30 imin iof ifiltration. iFor iEF1, ithe imembrane 

iflux iincreased ifrom i103 ito i115 iL/h.m2
 ifor ithe iDZ/Z; ifrom i81 ito i89 iL/h.m2 ifor iMZ/Z; iand ifrom i74 ito 

i85 iL/h.m2 ifor iZ42/Z iwhen ithe ipressure iincreased ifrom i3 ito i5 ibar. iA isimilar ibehaviour iwas iobserved ifor 

ithe itreatment iof iEF2 iwith iflux iincreased ifrom i460 ito i663 iL/h.m2
 ifor iDZ/Z; ifrom i251 ito i420 iL/h.m2

 ifor 

iMZ/Z; iand i204 ito i398 iL/h.m2 ifor iZ42/Z. iThe idecrease iof ipermeate iflux iwith itime iis ia itypical ibehaviour 

iof ian iultrafiltration imembrane, iindicating ipresence iof iconcentration ipolarization iand ifouling idue ito ithe 

iinteraction ibetween imembrane imaterial iand ithe ifeed isolution. i 
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Figure i8.26 iPermeate iflux iversus itime iat idifferent iTMP iusing idifferent imembranes: iEF1 i(a) iand iEF2 i(b). 

 

Zeta ipotential iof imodified i(MZ) iand iunmodified i(DZ iand iZ42) izeolite imembranes iwas imeasured iat ipH 

irange ifrom i2 ito i10 i(Fig. i8.26) iin iorder ito iexplain ithe iinteraction iwith ithe ieffluent. iThe iobtained ivalues 

iwere i-17 imV iand i+ i37 imV ifor iunmodified iand imodified imembrane, irespectively, iat ipH≈2 ifor iEF2. 

iSince ithe imembrane iwith imodified izeolite iMZ/Z iis ipositively icharged, iFe3+ iions iare irepelled iresulting ito 

irejection irate iof i90%. iSubsequently iCl- iions, ipresent iin ithe iEF2, iare ialso irejected i(57%) ito imaintain ithe 

ielectroneutrality ibecause ications iand ianions icannot iact iseparately. iIn iaddition, iit iis inoticed ithat ithe 

imembranes iwith iunmodified izeolite idisplay ilower irejection irate iof iFe3+
 iand iCl-

 ithan ithe irejection irate 
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idisplayed iby iMZ/Z. iFurthermore, ithe inegative icharge ion ithe isurface iof iZ42/Z iand iDZ/Z imembranes 

iincreases ithe iintensity iof ithe ielectrostatic irepulsion ibetween ithe iCl- iions iin ithe ieffluent iand ithe imembrane 

isurface, iresulting iin ithe irejection iof ispecies. iOn ithe iother ihand, ithe ipore isize iof ithe imembrane ialso 

iaffects ithe irejection ibehaviour iof ithe isalts. The imembrane iZ42/Z ihas ia ilower iaverage ipore idiameter i(8 

inm) ithan ithe imembrane iDZ/Z i(10.5 inm), iresulting iin ia ihigher irejection iof iFe3+
 iand iCl-

 i(67% iand i42% 

iagainst i58% iand i36% ifor iZ42/Z iand iDZ/Z, irespectively). i iThese iresults iconfirm ithe iefficiency iof ithe 

isynthesized imembrane iMZ/Z ito iseparate itrivalent iions ifrom iindustrial ieffluents. 

 

 

Figure i8.27 iZeta ipotential imeasurement iof iunmodified iand imodified izeolite ipowder. 

 

In ithis istudy, inew ilow icost iUF imembranes ihave ibeen ifabricated iusing iTurkish inatural izeolite ipowder ivia 

idirect ideposition iof ithe iactive iultrafiltration ilayers ion imicroporous izeolite isupports iby islip-casting 

imethod. iThe ifabricated imembranes i(DZ/Z, iMZ/Z iand iZ42/Z), iwhich iwere isintered iat ilow isintering 

itemperature i(880°C i/ i3 ih), iexhibited igood iadhesion ibetween ithe isupport iand ithe ifiltration ilayer iwith 

imembrane ithickness iranged ifrom i2.4 iµm ito i11.1 iµm. iThe iperformance iof ithese imembranes iduring ithe 

itreatment iof iindustrial iwastewater iwas ievaluated ias iwell. iThe ibest iperformance iwas iachieved iat ia iTMP 

iof i3 ibar iwith irelatively ihigh ipermeate iflux ivalues iand iexcellent iquality iof ithe itreated iwater isuitable ifor 

ireuse ior irecycling. iEspecially, ithe iMZ/Z imembrane idisplayed ia ihigher irejection ifor iFe3+
 iin icomparison 

ito ithe iother iprepared imembranes. iOur iresults isuggest ithat ithe imembrane ifabricated iwith imodified izeolite 

i(MZ/Z) icould ibe ia ipromising icandidate ifor ithe iseparation iof itrivalent imetal iions ifrom iindustrial ieffluents 

ibased ion ithe iinteraction ibetween ithe icharged imembrane iand itrivalent imetal iions. iFurthermore, 

icomparison iof iour iresults iwith iliterature iindicates ithat ithe ifabricated imembranes iin ithis istudy iout-

perform ithose ireported iin iliterature. 
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________________________________________________________________ 

CHAPTER i9: i 

Concluding iRemarks iand ifuture idirection 

____________________________________________________________________________________________ 

 

The iinterrelationship ibetween iwater iand ienergy iis iintensifying isignificantly ias ia iresult iof itheir iecological, 

iregional iand ieconomic iimplications. iThe imajor ichallenges iin ithis icentury ifor ideveloping isustainable 

idesalination itechnologies iare: ireducing ienergy iconsumption, ilowering ithe ienvironmental ieffect; iand 

iminimizing iwater iproduction icosts. iMembrane iand imembrane-based itechnologies ihave ibeen iapplied 

iwidely iin ivarious iwater ipurification iand iwaste itreatment iapplications, ieither iindividually ior iin 

icombination iwith iother iprocesses. iCurrently, imembrane iprocesses isuch ias iRO, iFO, iUF, iNF, iMD iare 

ibeing iused iin iseawater idesalination, iand iwaste iwater itreatment iapplications. iThe ieffective iutilization iof 

imembrane itechnologies ias ia isustainable isolution ifor idifferent iapplications irequires inovel imembrane 

imaterials ialong iwith icustomized iseparation icharacteristics. iThrough ithis ithesis iimprovement iin ithe iwater 

itreatment isector ihas ibeen iobserved iin iterms iof ihigh ipermeation irate iand isalt irejection, imembranes iwith 

icontrolled iand idistinct ipores, itailored ifunctionalities iand idefined ipassage ichannels ifor ispecific 

iconstituents icould ifurther ilead ito ienhanced iseparation, ipurification iand irecovery iof iimportant iproducts 

ifrom ivarious iresources. iRecent idevelopments iin ipolymeric imaterials iand ithe iemergence iof inanomaterials 

ihave ipaved ithe iway ifor imore imembrane-based iprocesses ifor ivarious iapplications iwith ipotential iindustrial 

iuse. iHowever, ithe ifabrication iof inew imembrane imaterials iwith iimproved ichemical iand ithermal istability 

ifor ithe itreatment iof iindustrial ieffluents ineeds ito ibe iexplored iin ifuture. iDepending ion ithe irequirements iof 

ispecific iapplications, iwater iquality icould ibe imonitored iand ialternative iwater itreatments ishould ibe 

iimplemented, iwhich iremains ian iopen ichallenge. iDespite iits iadvantages, ihuge ieffort iis istill irequired ito 

imitigate isome iof ithe ikey iconcerns isuch ias ifouling, iselectivity, ipolarization iin icase iof imembrane 

idesalination iprocess, iand ihigher irecovery iwith irespect ito ithe iamount iof ifeed itreated. iMembrane 

iprocesses iplay ia imajor irole iin iboth iwater ipurification iand isustainable ienergy igeneration ieither 

iindividually ior iin icombination iwith iother imembrane-based itechniques, ior iby iutilization iof ilow-cost iheat 

isources ito imake ithe iprocess ieconomic iand iviable ifor iindustrial iapplications. iMembranes ihave istarted ito 

iplay ian iimportant irole iin ienergy isectors, iranging ifrom ibiofuel iproduction ito ifuel icell iapplication. iTheir 

iperformance iin ithese isectors ialso idepends ion ithe iquality iand iavailability iof ithe imembrane icomponents, 

ihence iit iis iimportant ito iachieve ithe isynthesis iof ihighly ichemical, ithermal iand ioxidative iresistant 

imaterials. iIn isummary, imembrane-based iapproaches iopen iup iavenues ifor ithe idevelopment iof ia 

isustainable ienvironment iwith irespect ito iwater itreatment iand ienergy igeneration, iwith iongoing ichallenges 
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ifor imaterial iscientists iand imembrane itechnologists ito idevelop inew, irobust imaterials iand ieconomic ihybrid 

iprocesses. 

This istudy iconsisted iof ithe idevelopment iand itesting iof inew ilow icost imembrane ifor iwater ipurification 

iwith ithe ifinal iaim ito iassess ithem ifor idegradation iof iorganic icompounds icommonly ifound iin iindustrial 

iwastewater. iFunctionalization iof ithe imembranes ito iimpart iutilization iof irenewable ienergy ihas ibeen 

iexplored isuccessfully: 

Although ia iproof iof iconcept iwas idemonstrated, ithis ineeds ifurther idevelopment. iIt iis iimportant ito ifurther 

ioptimize ithe ifabrication iprotocol ito iminimize ithe iimpact ion imembrane ipermeability i(e.g., iby icontrolling 

ithe ipore isize idistribution iby iadding iactive icarbon ior inanoparticles). iIt iis ialso iimportant ito itest ithe ilong 

iterm istability iof ithe iprepared iceramic imembrane iunder ivarious iconditions i(pH, iinterferences iof iother 

iparticles, isolar iradiation iexposure ietc.). iMaximum idegradation iof ipollutants iand itheir iseparation iin ia 

isingle istage ialso ineed ito ibe iensured. iDeveloping ia ilarge-scale isystem idesign iwhere ia ilarge inumber iof 

isurface iarea iare iadequately iexposed ito isolar iradiation iand ithe itesting iof isuch isystem iusing ireal icomplex 

iwastewater istreams iare ialso iessential. iThese iareas iare iall isubjects iof ifurther idevelopment iand ifuture 

istudies. 
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Improving Cellulose Structure
for Bioconversion: Sugarcane Bagasse
Pretreatment Accompanied by Lignin
Recovery and Ionic Liquid Recycle

Koel Saha, Jaya Sikder, Paulomi Diwedi, Ankita Ghosh,
Sudip Chakraborty, Debolina Mukherjee, Stefano Curcio,
and Vincenza Calabro
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1 Introduction

Bioethanol, derived from biomass has established itself as
one of the leading biofuels in the global market (Sarkar et al.
2012). Lignocellulosic biomass has proved to be one of the
most abundant and cost effective renewable resource which
is non-polluting agricultural residue and potential to be
converted into biofuel. The main components of lignocel-
luloses are lignin, and cross linked polysaccharides i.e. cel-
lulose and hemicellulose. Cellulosic component which
occurs in the highest percentage is used to synthesize bio-
fuels such as ethanol. One of the most available lignocel-
luloses in tropical countries like India and Brazil is
sugarcane bagasse as sugarcane is the most cultivated crops
in these countries. Southern mediterranean countries mostly
in Northern Africa are the center of origin and also a major
producer of several cereals like sorghum, pearl millet, finger
millet, rice etc. which contain lot of cellulosic materials as
well. Hence, this part of the region has the potentiality for
agriculture practiced by small farmers with higher yield but
poor soils, amongst other constraints adding to the difficul-
ties for sustainable farming and incomes But conversion of
lignocelluloses waste or agro industrial waste can add some
value if new materials can also be produced from the waste
(FAOSTAT 2014). Current study explored [EMIM]oAc

aided pretreatment of sugarcane bagasse to recover lignin
and observe structural modification of bagasse and subse-
quently enzymatic hydrolysis of pretreated biomass.
[EMIM]oAc was chosen as a solvent for bagasse pretreat-
ment as the chemical structure of lignin is not altered during
this [EMIM]oAc mediated pretreatment. Raw and pretreated
bagasses were characterized by X-ray diffraction and Scan-
ning electron microscopy to observe the effect of ionic liquid
on bagasse. The lignin so regenerated is further characterized
using Nuclear magnetic resonance analysis. [EMIM]oAc
was recycled to check the reusability.

2 Materials and Methods

Sugarcane bagasse (SCB) was supplied by local juice mill of
Durgapur, West Bengal, India. SCB was cleaned with water,
sieved to a size of 1–3 cm, dried, grinded and screened to a size
of 250–500 µm and stored in a sealed container at room
temperature. Chemical composition of SCB was determined
as: 30%cellulose, 24%hemicelluloses and 22.4% lignin as per
the analytical procedure adopted from National Renewable
Energy Laboratory (NREL) (Sluiter et al. 2012). Bagasse was
pretreated at 140 °C, 120 min and 1:20 ionic liquid to bagasse
ratio. Surface morphology of untreated and pretreated sugar-
cane bagasse was investigated by Scanning Electron Micro-
scope (JEOL JSM-6360, JAPAN) and crystallinity was
detected by X-ray diffractometer (X’pert PRO, PANalytical
B.V., P.W 3040/60, Netherland). To assess the impact of
pretreatment on enzymatic hydrolysis of bagasse, both
untreated and pretreated bagasse was subjected to saccharifi-
cation using commercial cellulase from Trichoderma reesei
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(ATCC 26921) (Sigma Aldrich (USA). Both 1D (13C and 1H)
and 2D (Heteronuclear single-quantum correlation (HSQC))
NMR spectra of lignin were obtained by Bruker ADVANCE
600 spectrometer (Bruker, Germany).

3 Results and Discussion

SEM analysis of raw sugarcane bagasse showed lameller and
smooth surface where cellulose is linked to lignin and
hemicellulose. Ionic liquid aided pretreatment disrupted the
cellular bond, cracked the surface layer and removed outer
amorphus lignin and hemicellulose through depolymeriza-
tion, thus formed conglomerate and irregular texture. The
strong crystalline structure of cellulose as revealed by XRD
analysis is formed due to the presence of van der Waals
force and intermolecular hydrogen bonding between along-
side cellulose molecule (Chirayil et al. 2014). In this study a
less crystalline structure and larger amorphous region of
pretreated sample was established from XRD pattern as it
exhibits substantial reduction in peaks intensity as compared
to untreated sample. The reason behind this phenomenon is
the partial solubilization and distension of cellulose crystal
with [EMIM]oAc due to complexity in cell wall component
and structural diversity at moderate pretreatment temperature
(Zhang et al. 2014). Crystallinity index (CrI) of untreated
bagasse is 51.44 which decreased after pretreatment and the
calculated value of CrI of pretreated bagasse is 36.74.
Reduction of the CrI by 14.7% in pretreated biomass implies
a rapid decline of crystalline structure and increase of
amorphous region after pretreatment. After enzymatic
hydrolysis, reducing sugar released from pretreated bagasse
is much higher as compared to untreated bagasse. 1H NMR
spectrum of lignin shows the peak at 7.38 ppm which cor-
responds to p-coumaric and p-ferulic acid of lignin. The
peak at 5.7 ppm signifies ether linkage (Cox and Ekerdt
2013). C NMR spectra detected peaks at 100–155 ppm, 60–
86 ppm and 55–57 ppm which corresponds to the presence
of aromatic carbon, aliphatic side chain and methoxy carbon
respectively (Kim et al. 2011). No peak was observed in the
region of 102–90 ppm. This signifies negligible presence of
residual sugar in ionic liquid extracted lignin sample. Due to
signal overlapping in C NMR, 2D HSQC NMR was per-
formed to resolve resonance overlap and explore detailed
structure. 2D NMR spectra can be divided in two regions.
Side chain region: dC/dH 50.0-90.0/2.50-6.00 and aromatic
region: dC/dH 100.0-135.0/5.50-8.50 (Moghaddam et al.
2014). Cross signals of side chain region correspond to
details regarding inter unit linkage of lignin (Moghaddam
et al. 2014) whereas aromatic region provides information

regarding guaiacyl (g), Syringyl (S) and p-hydroxyphenyl
(H) unit and also substructures like spirodienone,
p-hydroxycinnamyl alcohol and p-hydroxybenzoate
substructure.

4 Conclusion
A preliminary study was executed on the impact of imi-
dazolium ionic liquid pretreatment on sugarcane bagasse.
Characterization of raw and pretreated bagasse revealed
the physical and chemical changes in terms of lignin
separation and lowering the crystallinity of cellulose.
Further enzymatic saccharification corroborated an
increase in reducing sugar yield after pretreatment pro-
cess. The extracted low molecular weight lignin exhibited
the presence of elemental functional group thus corrob-
orated the recovery of lignin in almost pure form. Further
investigation is necessary to study the fermentation of
hydrolyzate to ethanol which determines overall effi-
ciency of 1-ethyl-3-methylimidazolium acetate in pro-
cessing of sugarcane bagasse to bioethanol.
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Chapter 5
Technological Aspects of Lignocellulose
Conversion into Biofuels: Key Challenges
and Practical Solutions

Catia Giovanna Lopresto, Alessandra Verardi, Cecilia Nicoletti,
Debolina Mukherjee, Vincenza Calabro, Sudip Chakraborty
and Stefano Curcio

Abstract Biofuels produced from crops have been the driving force in renewable
energies since many years. In the first decade of the 21st century, there was a major
focus on the debate of food versus fuel. Reports made by various national and inter-
national agencies, concluded that the food commodity prices were being impacted
by consumption for the production of biofuels. Lignocellulosic biomass is an attrac-
tive renewable resource for future fuel. Efficiently and cost-effectively production of
bioethanol from various lignocellulosic biomass, not only depends on the develop-
ment of a suitable pretreatment system but also on other technological aspects with
engineered feedstock. The aim of this chapter is to summerize and critically review
on existing pretreatment method which is highly efficient due to engineering the
feedstock as well as effectively using biocatalytic hydrolysis of various lignocellu-
losic biomass materials. The success behind this lignocellulosic bioethanol is depend
on the modern technological development of pretreatment technologies as well as
advanced conversion processes within the line of process intensification strategies.
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Engineered biomass · Biorefinery
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5.1 Lignocellulose Biomass Recalcitrance:
Physico-Chemical Characteristics of the Plant Cell Wall

The lignocellulosic biomass is characterized by a natural resistance of the plant cell
wall to microbial and enzymatic degradation, due to its rigid and compact structure,
known as “biomass recalcitrance” (Himmel et al. 2007). This property is closely
related to the chemical and physical features of the plant cell wall, which is a matrix
of cross-linked polysaccharide networks, glycosylated proteins, and lignin. Several
aspects contribute in building the lignocellulose’s recalcitrance, such as epidermal
tissue and chemicals, chemical compositions, physical structure of the cell wall, cel-
lulose structure, and pre-treatment-induced causes (Zhao et al. 2012). In particular,
Himmel et al. have provided a list of the natural factors supposed to play a part in
constructing the recalcitrance of lignocellulosic feedstocks to chemicals or enzymes,
that includes: (i) the epidermal tissue of the plant body, particularly the cuticle and
epicuticular waxes; (ii) the arrangement and density of the vascular bundles; (iii)
the relative amount of sclerenchymatous (thick wall) tissue; (iv) the degree of lig-
nification; (v) the structural heterogeneity and complexity of cell-wall constituents
such as microfibrils and matrix polymers; (vi) the challenges for enzymes acting on
an insoluble substrate; and (vii) the inhibitors to subsequent fermentations that exist
naturally in cell walls or are generated during conversion processes (Himmel et al.
2007). These chemical and structural characteristics affect liquid penetration and/or
enzymes accessibility and activity, resulting in increased conversion costs.

Lignocellulosic biomass is mainly composed of three polymers: cellulose, hemi-
cellulose and lignin along with smaller amounts of pectin, protein, extractives and
ash (Bajpai 2016), which do not participate significantly in forming the structure of
the material (Harmsen et al. 2010).

Depending on the type of biomass, these polymers are organized in complex
non-uniform three-dimensional structures to different degrees and varying relative
compositions, as illustrated in Table 5.1, for various lignocellulosic feedstocks.

As can be seen from Table 5.1 cellulose is the major structural component of cell
walls, and it provides mechanical strength and chemical stability to plants. Hemicel-
lulose is a copolymer of different C5 and C6 sugars. Lignin is a polymer of aromatic
compounds produced through a biosynthetic process that forms a protective layer
for the plant walls (Harmsen et al. 2010). Their internal structures will be described
in detail in the follwing paragraphs. From a structural point of view, the plant cell
wall is a complex matrix typically composed of three types of layers, namely the
middle lamella, the primary and the secondary wall (Fig. 5.1), that provide support
and strength essential for plant cell survival. The main functions of the cell wall
include the conferral of resistance, rigidity and protection to the cell against different
biotic or abiotic stresses, but still allowing nutrients, gases and various intercellular
signals to reach the plasma membrane (Ochoa-Villarreal et al. 2012).

Primary and secondary cell walls are microfibril-based nanocomposites that dif-
fer in the arrangement, mobility and structure of matrix polymers, the higher-order
organization of microfibrils into bundles and discrete lamellae, their rheological and
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Table 5.1 Composition of representative lignocellulosic feedstocks (Menon and Rao 2012)

Feedstocks Carbohydrate composition (% dry wt)

Cellulose Hemicellulose Lignin

Barley hull 34 36 19

Barley straw 36–43 24–33 6.3–9.8

Bamboo 49–50 18–20 23

Banana waste 13 15 14

Corn cob 32.3–45.6 39.8 6.7–13.9

Corn stover 35.1–39.5 20.7–24.6 11.0–19.1

Cotton 85–95 5–15 0

Cotton stalk 31 11 30

Coffee pulp 33.7–36.9 44.2–47.5 15.6–19.1

Douglas fir 35–48 20–22 15–21

Hardwood stems 40–55 24–40 18–25

Rice straw 29.2–34.7 23–25.9 17–19

Rice husk 28.7–35.6 11.96–29.3 15.4–20

Wheat straw 35–39 22–30 12–16

Wheat bran 10.5–14.8 35.5–39.2 8.3–12.5

Grasses 25–40 25–50 10–30

Newspaper 40–55 24–39 18–30

Sugarcane bagasse 25–45 28–32 15–25

Sugarcane tops 35 32 14

Pine 42–49 13–25 23–29

Poplar wood 45–51 25–28 10–21

Olive tree biomass 25.2 15.8 19.1

Jute fibres 45–53 18–21 21–26

Switchgrass 35–40 25–30 15–20

Grasses 25–40 25–50 10–30

Winter rye 29–30 22–26 16.1

Oilseed rape 27.3 20.5 14.2

Softwood stem 45–50 24–40 18–25

Oat straw 31–35 20–26 10–15

Nut shells 25–30 22–28 30–40

Sorghum straw 32–35 24–27 15–21

Tamarind kernel
powder

10–15 55–65 –

Water hyacinth 18.2–22.1 48.7–50.1 3.5–5.4
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Fig. 5.1 Cell wall structure

mechanical properties, and their roles in the life of the plant (Cosgrove 2012). In the
primary wall, the basic structure is a skeleton of cellulose cross-linked with glycans;
according to the cross-link types present, there are two types of primary walls: (i)
Type I walls that are found in dicotyledonous plants and consist of equal amounts of
glucan and xyloglucan embedded in a matrix of pectin; (ii) Type II walls, present in
cereals and other grasses, having glucuronoarabinoxylans as their cross-linking glu-
cans, but lacking of pectin and structural proteins (Zhao et al. 2012). The secondary
wall usually consists of three sub-layers, which are termed as S1 (outer), S2 (mid-
dle), and S3 (inner) lamellae, respectively. The cellulose microfibrils of secondary
wall are embedded in lignin, being like steel rods embedded in concrete, but with
less rigidity. Cellulose, hemicellulose, and lignin have different distribution in these
layers. In wood fibers, it has been found that cellulose concentration is increased
from middle lamella to the secondary wall. S2 and S3 lamellaes have the highest
cellulose concentration. Hemicellulose has a similar tendency of distribution in the
cell wall to cellulose, andmost of the hemicellulose distributes in the secondary wall.
Lignin is found to be the dominant composition in the outer portion of the compound
middle lamellae. The percentage of lignin in the lignocellulosic matrix decreases
with increasing distance into the middle lamella; that means that the percentages of
lignin in the primary wall and in the S1 layer of the secondary wall are much higher
than those in the S2 and S3 sections (Zhao et al. 2012).

5.1.1 Cellulose

Cellulose is a linear homopolymer composed of D-glucopyranose units linked by
β-1,4-glycosidic bonds. The chemical formula of cellulose is (C6H10O5)n; n, called
the degree of polymerization (DP), represents the number of glucose groups, ranging
from hundreds to thousands or even tens of thousands. In the twentieth century, it
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Fig. 5.2 Molecular chain structure of cellulose

was proved that cellulose consists of pure dehydrated repeating units of D-glucoses
(as shown in Fig. 5.2), and the repeating unit of the cellulose is called cellobiose
(Chen 2014).

The cellulose chains (20–300) are grouped together to form microfibrils, which
are bundled together to form cellulose fibers. The long-chain cellulose polymers are
linked together by hydrogen and van der Waals bonds, which cause the cellulose to
be packed into microfibrils, that in most conditions, are covered by hemicellulose
(dry matter accounting for 20–35%) and lignin (dry matter accounting for 5–30%)
(Bajpai 2016). Natural cellulose has 10,000 glucose units and the fibril contains
approximately 60–80 cellulose molecules. It is insoluble in water, dilute acidic solu-
tions, and dilute alkaline solutions at normal temperatures and is found in both the
crystalline and the non-crystalline structure (Harmsen et al. 2010). Indeed, study of
the supramolecular structure of natural cellulose showed that the crystalline and non-
crystalline phases intertwine to form the cellulose. The noncrystalline phase assumes
an amorphous state when tested by X-ray diffraction because most hydroxyl groups
on glucose are amorphous. However, large amounts of hydroxyl groups in the crys-
talline phase formmany hydrogen bonds, and these hydrogen bonds construct a huge
network that directly contributes the compact crystal structure.

5.1.2 Hemicellulose

The term hemicellulose is used to represent a family of polysaccharides such as
arabino-xylans, gluco-mannans, galactans, etc. that are present in both the primary
and the secondary cell walls, and in a small amount also the middle lamella region.
They have different composition and structure depending on their source and the
extraction method. The most common type of polymers that belongs to the hemi-
cellulose family of polysaccharides is xylan (Harmsen et al. 2010). Xylans are a
diverse group of polysaccharides with the common backbone of β-(1,4)- linked
xylose residues, with side chains of α-(1,2) linked glucuronic acid and 4-O-methyl
glucuronic acid residues. Composition and distribution of the substitutions is wide
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variable according to the plant cell species. Xylans usually contain many arabi-
nose residues attached to the backbone which are known as arabinoxylans and glu-
curonoarabinoxylans (Ochoa-Villarreal et al. 2012). The β-(1,4)-linked polysaccha-
rides rich in mannose or with mannose and glucose in a nonrepeating pattern are the
glucomannans and galactoglucomannans. Hemicellulose extracted from plants pos-
sesses a high degree of polydispersity, polydiversity and polymolecularity (a broad
range of size, shape and mass characteristics). However, the degree of polymeriza-
tion does not exceed the 200 units whereas the minimum limit can be around 150
monomers (Harmsen et al. 2010). Hemicellulose is insoluble in water at low tem-
perature. However, its hydrolysis starts at a temperature lower than that of cellulose,
which renders it soluble at elevated temperatures.

5.1.3 Lignin

Lignin is the most complex natural polymer. It is present in the primary cell wall and
functions as the cellular glue which provides compressive strength to the plant tissue
and the individual fibres, stiffness to the cell wall and resistance against insects and
pathogens (Isikgor and Remzi 2015). It is an amorphous three-dimensional poly-
mer with phenylpropane units nonlinearly and randomly linked as the predominant
building blocks; themost commonlymonomers encountered are p-coumaryl alcohol,
coniferyl alcohol and sinapyl alcohol (Fig. 5.3).

The coupling modes between each basic unit include “β-O-4, “β-5, “β-1, and
so on. Ether bonds in lignin include phenol-ether bonds, alkyl-ether bonds, dialkyl
bonds, diaryl ether bonds, and so on. About two thirds to three quarter phenylpropane
units of lignin are linked to the adjacent structural units by ether bonds; only a small
part is present in the form of free phenolic hydroxyl (Chen 2014).

Lignin is synthesized by polymerization of these components and their ratio varies
between different plants, wood tissues and cell wall layers. Dividing higher plants
into two categories, hardwood (angiosperm) and softwood (gymnosperm), it has been
identified that lignin from softwood ismade up ofmore than 90%of coniferyl alcohol
with the remaining being mainly p-coumaryl alcohol units. Contrary to softwoods,

HO

OH

(a) p-coumaryl alcohol (b) Coniferyl alcohol 

OH

HO

OH

(c) Sinapyl alcohol 

H3CO

HO

OCH3

H3CO

Fig. 5.3 Basic structural units of lignin (Srndovic 2011)
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lignin contained in hardwood is made up of varying ratios of coniferyl and sinapyl
alcohol type of units (Harmsen et al. 2010).

5.2 Chemical Interaction Between Components

The types of bonds identifiedwithin the lignocellulosic structure are four: ether, ester,
carbon-to-carbon and hydrogen bonds. They can be divided into intrapolymer and
interpolymer linkages (Table 5.2); the former refer to linkages within the individual
components of the lignocellulose, while the latter to the connections among the
different components to form complexes.

As shown in Table 5.2 the bonds types linking the molecules in the structure of
the lignin are ether bonds and carbon-to-carbon bonds; the ether bonds may occur
between allylic and aryl carbon atoms, or between aryl and aryl carbon atoms, or
even between two allylic carbon atoms. The total fraction of ether type bonds in the
lignin molecule is around 70% of the total bonds between the monomer units. The
carbon-to-carbon linkages form the remaining 30% of the total bonds between the
units. They can also appear between two aryl carbon atoms or two allylic carbon
atoms or between one aryl and one allylic carbon atom (Harmsen et al. 2010). In the
cellulose’s polymer, the glucose units are connected together by a 1-4 βD-glucosidic
bond, that can be considered as an ether bond, since it is in fact the connection of
two carbon atoms with an elementary oxygen interfering. The other main type of
bond present in the cellulose is the hydrogen bond that is responsible for its crys-
talline fibrous structure. In fact, every glucosyl ring of cellulose has three active
hydroxyls: one primary hydroxyl group and two secondary hydroxyl groups. Thus,
cellulose may have a series of chemical reactions related to hydroxyl. However, these
hydroxyl groups also can form hydrogen bonds between molecules, which has a pro-

Table 5.2 Different types of
bonds identified in the
lignocellulose (Harmsen et al.
2010)

Bonds with different components (intrapolymer linkages)

Ether bond Lignin, (hemi)cellulose

Carbon to carbon Lignin

Hydrogen bond Cellulose

Ester bond Hemicellulose

Bonds connecting different components (interpolymer
linkages)

Ether bond Cellulose-lignin
Hemicellulose lignin

Ester bond Hemicellulose-lignin

Hydrogen bond Cellulose-hemicellulose
Hemicellulose-lignin
Cellulose-lignin
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found influence on the morphology and reactivity of cellulose chains, especially the
intermolecular hydrogen bond formed by oxhydryl at C3 and oxygen at an adja-
cent molecule ring. These hydrogen bonds not only can enforce the linear integrity
and rigidity of the cellulose molecule but also make molecule chains range closely
to form a highly ordered crystalline region. The accessibility of cellulose refers to
the difficulty of the reagents to arrive at the cellulose hydroxyl. In heterogeneous
reactions, the accessibility is mainly affected by the ratio of the cellulose crystalline
regions to the amorphous regions. The reactivity of cellulose is the reactive capability
of the primary hydroxyl and the secondary hydroxyl at the cellulose ring. Generally,
because of the smallest steric hindrance, the reactivity of the primary hydroxyl groups
is higher than for the secondary hydroxyl groups, so the reactivity of hydroxyl at C6
with a bulky substituting group is higher (Chen 2014). In addition, it was noted that,
carboxyl groups are also present in cellulose in a fraction of 1 carboxyl per 100 or
1000 monomer units of glucose. With respect to the structure of the hemicellulose,
it can be stated that its molecule is formed mainly by the ether type bonds, such
as the fructosic and glucosidic one. The main difference with cellulose is that the
hydrogen bonds are absent and that there is significant amount of carboxyl groups.
The carboxyl groups can be present as carboxyl or as esters or even as salts in the
molecule (Harmsen et al. 2010).

The interpolymer linkages, namely those connecting the different polymers of
the lignocellulose complex, can be determined by breaking down the lignocellulose
and separating the individual components. Their separation is commonly achieved
by methods that cause the alteration of their original structure. Therefore, the results
obtained about the connecting linkages between the polymers are not definite. How-
ever, it has been identified that there are hydrogen bonds connecting lignin with
cellulose and with hemicellulose, respectively and the existence of covalent bonds
between lignin and polysaccharides. In particular, it is known that hemicellulose
connects to lignin via ester bonds and that there are ether bonds between lignin and
the polysaccharides. It is still not clear though whether the ether bonds are formed
between lignin and cellulose, or hemicellulose (Harmsen et al. 2010).

5.3 Lignocelluloses Feedstock Biorefinery

Biorefinery represents the sustainable processing of biomass into a spectrum of mar-
ketable products and energy, as defined by International EnergyAgency (IEA)Bioen-
ergy Task 42 (Van Ree and Van Zeeland 2014; Morais and Bogel-Lukasik 2013).
In biorefinery, all the types of biomass feedstocks can be exploited, including prod-
ucts, byproducts, residues and waste provided from different sectors: forestry (wood,
logging residues, trees, shrubs and wood residues, sawdust, bark, etc.), agriculture
(dedicated crops and residues), aquaculture (algae and seaweeds), industries (pro-
cess residues and leftovers) and households (municipal solid waste and wastewaters)
(De Jong and Jungmeier 2015). The biomass feedstock can be converted into dif-
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ferent classes of bio-products, via combinations of different technologies, including
mechanical/physical, (bio)chemical and thermochemical processes (de Wild 2015).

Among the possible biomass raw materials, the lignocellulose is one of the most
promising feedstock for biorefineries, as the availability of the input material is
relatively high and input material prices are low (Uihlein and Schebek 2009). The
input material, used in lignocelluloses feedstock (LCF) biorefinery, can be obtained
from: forestry residues and wood waste (including residues from harvest operations
left in the forest after stem wood removal: branches, foliage, roots, etc.), agricultural
residues (e.g. husks, chaff, cobs, bagasse), energy crops (crops specifically bred and
cultivated at low-cost, on marginal land not suitable for food crops production), and
municipal paper waste (Demirbas 2009).

The LFC biorefinery is classified as “phase III biorefinery”; three different types
of biorefinery, known as phase I, II and III, have been described by Kamm and
Kamm, and van Dyne et al. The phase I and II biorefinery use only one feedstock
such as corn and wheat. The difference is that phase I biorefinery has the capability
to produce a single major product by single process, while phase II biorefineries is
capable of producing various end-products and has far more processing flexibility
(Van Dyne et al. 1999). In Europe, there are many phase I biorefineries producing
biodiesel from vegetable oil (rapeseed oil), through transesterification process. The
Novamont plant in Italy is, indeed, an example of a phase II biorefinery that use corn
starch to produce several chemical products, such as biodegradable polyesters (Origi-
Bi) and starch derived thermoplastics (Master-Bi) (Clark and Deswarte 2015). The
phase III biorefineries use various types of feedstocks and processing technologies
to produce a variety of products (Van Dyne et al. 1999; Clark and Deswarte 2015). In
LCF biorefinery, lignocellulosic feedstocks are fractioned into intermediate outputs
(cellulose, hemicellulose and lignin) that are further processed into a multitude of
products and bioenergy, (such as biofuels, fine chemicals, advanced polymer materi-
als, steam/heat, and electricity), by jointly applying several technological processes
(de Jong and Gosselink 2014). A number of commercial technologies are available
today for the pretreatment of lignocelluloses all around the world. Some of these
technologies have already been commercialized and are well known, whereas oth-
ers are still at lab scale. The most relevant commercial technologies are given in
following Table 5.3:

The general scheme for lignocellulose bioconversion involves multi-step pro-
cesses. The first step, following feedstock selection, is the lignocellulosic biomass
pretreatment that is a necessary upstream process to reduce the size of biomass and
to fractionate, solubilize, hydrolyze and separate cellulose, hemicellulose, and lignin
components (Capolupo and Faraco 2016). As described before pretreatments meth-
ods can be classified into different categories (Table 5.4): physical, physiochemical,
chemical, biological, electrical, or a combination of these (Amelio et al. 2016).

Physical (mechanical) pretreatment increases the surface area by reducing the size
of the biomass and improves the flow through biorefinery processes (Arens and Liu
2014). The physico-chemical methods requires high temperature and pressure; it is
therefore necessary a high control of operating conditions. Steam explosion is the
most commonly physico-chemical method used for pretreatment of lignocellulosic
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Table 5.3 Pretreatment technologies commercially available

Process Company Characteristic

Steam explosion Beta Renewables Low xylose yield

High enzyme loading

Single-stage dilute acid Abengoa High xylose yield

Moderate enzyme loading

Two-stage dilute acid Poet-DSM High xylose yield

Low enzyme loading

Ammonia & Steam Dupont Require high enzyme loading

biomass (Verardi et al. 2016). It combines mechanical forces and chemical effects.
The mechanical effects cause separation of lignocellulose matrix in individual fibers
(hemicelluloses, cellulose and lignin) with minimal loss of material. The chemical
effects promote the hydrolysis of acetyl groups included in hemicellulose (Verardi
et al. 2015).

Chemical methods remove and/or dislocate hemicelluloses and lignin, loosening
the structural of lignocellulosic matrix (Capolupo and Faraco 2016). Biological pre-
treatment methods use cellulolytic, hemicellulolytic, and ligninolytic systems syn-
thetized frommicroorganisms, such as fungi, bacteria, and actinomycetes, in order to
degrade lignin, cellulose, and hemicellulose (Sindhu et al. 2016). Electrical method,
such as pulsed-electric field (PEF) pretreatment, exposes the cellulose content in the
biomass through the formation of pores in the cell membrane, allowing the entry of
agents necessary to break the cellulose into constituent sugars (Kumar and Sharma
2017).

Following pretreatment, the biomass components (lignin, cellulose, hemicellulose
and residues) are subject to a combination mainly of thermochemical and biochem-
ical processes in order to convert lignocellulosic feedstock into valuable products
(FitzPatrick et al. 2010). Thermochemical conversion includes processes as combus-
tion, pyrolysis, gasification, and liquefaction. The combustion process, performed at
800–100 °C, allows to transform biomass into energy by oxidation of carbon and
hydrogen-rich biomass to CO2 and H2O. This method, used for the production of
electricity and heat, is similar to fossil-fuel fired power plants and can produce high
NOx emission.

A variety of value-added chemicals can be obtain frommain biomass constituents,
hemicellulose, cellulose and lignin, by pyrolysis that consists of a thermal degrada-
tion, without oxidizing agent, of solid lignocellulosic biomass into gases and liq-
uids (Table 5.5) This thermal decomposition starts at 350–550 °C and goes up to
700–800 °C (de Wild 2015).

Gasification means the conversion of lignocellulosic biomass into a combustible
gas mixture, called producer gas, consisting of carbon monoxide (CO), hydrogen
(H2), and traces of methane (CH4), at 700–1600 °C. After cleaning, producer gas can
be used directly as an engine fuel or upgraded to liquid fuels or converted into chem-
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Table 5.4 Methods for lignocellulosic biomass pretreatment

Operating
conditions

Advantages Disadvantages

Physical Chipping
Grinding
Milling

Room
temperature
Energy input
<30Kw per ton
biomass

Reduces
cellulose
critallinity

Power
consumption
higher than
inherent biomass
energy

Physio-chemical Steam
pretreatment

160–260 °C
(0,69–4,83 MPa)
for several
second (~15 min
in the range
200–230 °C)

Causes
hemicellulose
auto hydrolysis
and lignin
transformation;
cost-effective for
hardwoods and
agricultural
residues

Destruction of a
portion of the
xylan fraction;
incomplete
distruption of the
lignin-
carboydrate
matric;
generation of
compounds
inhibitory; less
effective for
softwoods

AFEX
(Ammonia fiber
explosion
method)

90 °C for 30 min.
1–2 kg
ammonia/kg dry
biomass

Increases
accessible
surface area,
removes lignin
and
hemicellulose;

Do not modify
lignin neither
hydrolyzes
hemicellulose

ARP (Ammonia
recycle
percolation
method)

150–170 °C for
14 min
Fluid velocity
1 cm/min

Increases
accessible
surface area,
removes lignin
and
hemicellulose;

Do not modify
lignin neither
hydrolyzes
hemicellulose;

CO2 explosion 4 kg CO2/kg
fiber at 5.62 MPa
160 bar for
90 min at 50 °C
under
supercritical
carbon dioxide

Do not produce
inhibitor for
downstream
processes.
Increases
accessible
surface area, does
not cause
formation of
inhibitory
compounds

It is not suitable
for biomass with
high lignin
content (such as
woods and nut
shells)
Does not modify
lignin neither
hydrolyze
hemicelluloses

Ozonolysis Room
temperature

Reduce lignin
content; does not
produce toxic
residue

Expensive for the
ozone required;

(continued)
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Table 5.4 (continued)

Operating
conditions

Advantages Disadvantages

Wet oxidation 148–200 °C for
30 min

Efficient removal
of lignin; Low
formation of
inhibitors; low
energy demand

High cost of
oxygen and
alkaline catalyst

Chemical Acid hydrolysis:
dilute-acid
pretreatment

Type I: T>160°,
continuous-flow
process for low
solid loading
5–10%,)-Type II:
T<160 °C, batch
process for high
solid loadings
(10–40%)

Hydrolyzes
hemicellulose to
xylose and other
sugar; alters
lignin structure

Equipment
corrosion;
formation of
toxic substances

Alkaline
hydrolysis

low temperature;
long time high;
concentration of
the base;
For soybean
straw: ammonia
liquor (10%) for
24 h at room
temperature

removes
hemicelluloses
and lignin;
increases
accessible
surface area

Residual salts in
biomass

Organosolv 150–200 °C with
or without
addition of
catalysts (oxalic,
salicylic,
acetylsalicylic
acid)

Hydrolyzes
lignin and
hemicelluloses

High costs due to
the solvents
recovery

Biological Several fungi
(brown-, white-
and soft-rot fungi

Degrades lignin
and
hemicelluloses;
low energy
requirements

Slow hydrolysis
rates

Electrical Pulsed electrical
field in the range
of 5–20 kV/cm,

~2000 pulses of
8 kV/cm

Ambient
conditions;
disrupts plant
cells; simple
equipment

Process needs
more research
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Table 5.5 Main chemicals from lignocellulosic biomass pyrolysis (de Wild 2015)

Biomass constituent (thermal degradation
range)

Pyrolysis products

Hemicellulose (150–300 °C) Acetic acid; Furfural

Cellulose (200–400 °C) Levoglucosan,
Hydroxyacetaldehyde,

Lignin (150–600 °C) 2-Methoxyphenols (e.g. guaiacol),
2,6-Dimethoxyphenols
(e.g., syringol), Catechols, Phenol, Alkyl
phenols,
Methanol,

Whole biomass (100–600 °C) Extractives (e.g., terpenes),
Charcoal, Pyrolysis oil, Gases
(e.g., CO, CO2, CH4)

ical feedstocks by several methods, as biological fermentation or catalytic upgrad-
ing through the Fischer-Tropsch process. Hydrothermal liquefaction is the thermo-
chemical conversion of lignocellulosic biomass into liquid fuels, at 280–370 °C and
10–25MPa, by processing in a hot, pressurized water environment (Rajvanshi 2014).

Biochemical conversion involves breaking down biomass into sugars, which can
then be converted into potential fuel blend stocks and other bioproducts, including
renewable gasoline, ethanol and other alcohols, and renewable chemical products,
through the use of microorganisms and catalysts.

The most common types of biochemical processes are fermentation and anaero-
bic digestion (Zhao and Bai 2009). Fermentation is one of the oldest technologies
in the world, mainly based on bioethanol synthesis from plant biomass. The fer-
mentation process, in the presence of oxygen, is carried out by microorganisms,
including bacteria, yeasts, and fungi. The most commonly used microbe is yeast,
mainly S. cerevisiae (Zhao and Bai 2009). Several fungal species belonging to genera
Fusarium, Rhizopus (Hahn-Hägerdal et al. 2007),Monilia (Gírio 2010),Neurospora
(Xiros and Christakopoulos 2009), and Paecilomyces (Sommer et al. 2004) were
able to ferment monomeric sugars. Bacteria used to produce bio-alcohols (ethanol)
from fermentable sugars include Zymomonas mobilis, Bacillus macerans, Bacillus
polymyxa, Klebsiella pneumoniae, C. acetobutylicum, Aeromonas hydrophila, Aer-
obacter sp., Erwinia sp., Leuconostoc sp., and Lactobacillus sp. (Thatoi et al. 2014).
Another bacterial resource is engineering E. coli (Srichuwong et al. 2009). Micro-
bial culture types used in fermentation can be classified into five different categories:
pure culture, consisting of only one type of organism developed from a single cell
(e.g., S. cerevisiae); co-culture, containing growths from two distinct cell types (e.g.,
Aspergillus niger and S. cerevisiae); mixed culture, consisting of more than two
organisms (Paenibacillus sp. and four strains of Z. mobilis); immobilized culture;
and a co-immobilized culture made by entrapping microorganisms within a given
matrix (Thatoi et al. 2014).
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Fig. 5.4 High value bio-products from lignocellulose biomass

Lignocellulosic biomass can be also biochemically degraded by anaerobic diges-
tion. The process is carried out from micro-organisms able to break down organic
matter (liquid and solid) in the absence of oxygen and to produce biogas contain-
ing mostly methane and carbon dioxide for use as a source of renewable energy.
Moreover, anaerobic digestion can be used as an biological pretreatment of ligno-
cellulosic feedstocks, easing the subsequent fractionating of such biomass into its
constituent sugars (glucose, galactose, xylose, arabinose, and mannose) and/or short
chain fatty acids (acetic, propionic, and butyric acids), which can be further converted
into valuable chemicals and biofuels (Surendra et al. 2015).

5.4 High Value Bio-products from Lignocelluloses
Feedstock Biorefinery

The products derived from LCF biorefinery, such as biofuels, fine chemicals and
advanced polymer materials (Fig. 5.4), might replace petroleum-based products
(Cherubini 2010, Cheng and Zhu 2009) The progressive replacement of petroleum
refinery oil with lignocellulosic feedstock biorefinery is generally regarded as nec-
essary step for the development of a sustainable industrial society, energy indepen-
dence, and for the effective management of greenhouse gas emissions (FitzPatrick
et al. 2010).
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5.5 Biofuels from Lignocelluloses

The conversion of lignocellulose material into several kinds of biofuel, such as bio-
gas/syngas, biohydrogen, and bioalcohols, offers primarily a way to develop renew-
able and environmental friendly alternatives to substitute fossil fuel with net zero
carbon dioxide (CO2) emission; the CO2 emitted during fuel combustion is indeed
captured during the growth of the feedstock.

Biogas and syngas are complex mixtures composed mainly of methane (CH4),
carbon dioxide (CO2), hydrogen (H2), and carbon monoxide (CO) (Awe et al. 2017).
The process used to produce the two gasses’ mixtures is different: biogas is produced
trough anaerobic digestion which involves different groups of facultative or oblig-
atory anaerobic microorganisms (Sárvári Horváth et al. 2016); syngas is created by
gasification process that causes the partial combustion of biomass (Samiran et al.
2016).

Biohydrogen production can be obtained with low cost from biomass via hydrol-
ysis and fermentation processes. During combustion process, hydrogen produces
only water as its environment-friendly product, receiving widespread attention from
researchers in the world (Jiang et al. 2016).

Bio-alcohols, such as bioethanol, biobutanol (or biogasoline), and propanol, can
be obtained through the biomass fermentation by the action of aerobic and anaerobic
micro-organisms. Today, biological ethanol and butanol are the most commonly
produced alcohol fuels: in fact, they can be used directly as substitutes for gasoline,
ormixedwith gasoline in any ratio (Amelio et al. 2016). The bioconversion process of
lignocellulose biomass to ethanol or butanol includes several stages: the pretreatment
of feedstock, hydrolysis and fermentation steps, and recovery of products (Verardi
et al. 2015). On the contrary, propanol, or isopropyl alcohol, is rarely used as alcohol
fuel: it is produced through fermentation of carbohydrates from Escherichia coli to
be commonly used as a solvent (Ibrahim 2013).

5.6 Chemicals from Lignocellulose

Besides biofuels production, the lignocellulose biomass holds a great potential for
sustainable production of other value-added chemicals. Examples of some chemicals
that have been obtained from lignocellulose biomass are given in Fig. 5.5.

The efficient cellulose and hemicellulose depolymerization in hexose (C6) and
pentose (C5) sugars is of critical importance for the further development of valuable
chemicals. Glucose is the only simple sugar produced by cellulose decomposition.
On the other hand, the hemicellulose degradation results in formation of both C6
(glucose, mannose, galactose, and rhamnose), as well as C5 (xylose and arabinose)
monosaccharides.

The glucose and xylose can be dehydrated, respectively, into 5-
hydroxymethylfurfural (HMF) and furfural (2-furaldehyde), which can further
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Fig. 5.5 Examples of Chemicals from lignocellulose biomass

be converted into various value-added compounds through feasible chemical
transformations (Pereira et al. 2015).

The oxidation of HMF provides an efficient route to synthesis of 2,5-
furandicarboxylic acid (FDCA), and 2,5 diformyl-furan (DFF). Currently, FDCA is
the most famous HMF derivative: it has attracted much attention recently as poten-
tial substitute for terephtalic acid, a petroleum-derived monomer primarily used to
produce poly-ethylene-terephthalate (PET) (Han et al. 2017).

Oxidation of HMF to FDCA is a multi-stages process which requires the primary
oxidation of HMF to 2,5-diformylfuran (DFF) intermediate, and its sequential oxi-
dation to 5-formyl-2-furancarboxylic acid (FFCA); therefore, FDCA is obtained by
further oxidation of FFCA (Zheng et al. 2017).

HMF can also be reduced into 2,5-dihydroxymethylfuran (DHMF), 2,5-
dihydroxymethyltetrahydrofuran (DHMTHF), and 2,5-dimethyltetrahydrofuran
(DMTHF), or used as intermediate for the production of 2,5-dimethylfuran (DMF),
a biofuel with high octane number and energy density that has the potential to
replace gasoline directly. DMF is produced by hydrogenation of HMF and sub-
sequent hydrogenolysis.

HMF is very useful also for the production of levulinic acid (LA) by acid rehy-
dration reaction. LA is an important molecule that can be further upgraded in many
sectors of industry such as fuel additives, polymer and resin (van Putten et al. 2013).

Furfural can be converted, by hydrogenation, to potential fuel components, such
as furfuryl alcohol, 2-methylfuran (MF) and 2-methyltetrahydrofuran (MTHF), and
to C4-C5 valuable chemicals, such as valerolactone, pentanediols, cyclopentanone,
dicarboxylic acids, butanediol and butyrolactone, by oxidation, hydrogenolysis and
decarboxylation processes (Li et al. 2016).
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Other chemical compounds, in the form of acids and aldehydes, such as glycerol,
sorbitol, xylitol, propanediol, lactic and succinic acid, acetoin or acetic acid, can be
produced from lignocellulose biomass-derived sugars (Putro et al. 2016).

The value-added chemicals derived from lignin, via depolymerization or thermal
degradation (e.g. oxidation, liquefaction, hydrolysis, hydrocracking, solvolysis and
pyrolysis) are phenolic compounds, classified in p-hydroxyl, vanillyl, syringyl and
cinnamyl, and aromatic monomers such as benzene, toluene, xylene and hydroxy-
benzoic acids (Thevenot et al. 2010; Kang et al. 2013; Ma et al. 2015).

5.7 Polymer Materials from Lignocellulose

Lignocellulose biomass can be also used in the preparation of polymer composites
materials, using lignin as reinforcement in polymer matrix for making: thermoplastic
material, thermosetting polymer composites, and rubber composites (Thakur et al.
2014).

Thermoplastic materials are polymeric materials that can be cooled and
heated reversibly without affecting their inherent properties (Wang et al.
2016); several thermoplastic compounds was prepared using lignin as reinforce-
ment, such as: lignin reinforced polystyrene (PS) composites (Barzegari et al.
2012), polydimethylsiloxane-α,ω-diol (PDMS) polymeric matrix-based composites
(Thakur et al. 2014), poly(ethylene terephthalate) (PET) matrix-based composites
reinforced with lignin (Canetti et al. 2009).

Thermosetting Polymer Composites are polymers that are cured into a solid form
and cannot be returned to their original uncured form. Several thermosetting poly-
mer matrix-based composites was prepared using lignin as the reinforcing material,
such as: lignin-reinforced epoxy composites (Yin et al. 2012) and lignin-reinforced
phenol formaldehyde (PF) polymer composites (Jagur-Grodzinski 2006). Different
polymer composite systems were prepared by using rubber as the matrix and lignin
as reinforcement, such as: lignin-reinforced styrene-butadiene rubber (SBR)/lignin-
LDH (layered double hydroxide) composites (Frigerio et al. 2014), and polymer
nanocomposites (Jiang et al. 2013).

Lignin has also been reported to be used as potential reinforcement in foam-based
polymer composites, and as a compatibilizer in polymer composites (Thakur et al.
2014).

Finally, the lignin is a promising reinforcement in polymer composites, being
biodegradable, CO2 neutral, abundantly available as industrial waste, low in cost,
and environmentally friendly, and having antioxidant, antimicrobial, and stabilizer
properties.
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5.8 Environmental Impact of Lignocellulose Feedstock
Biorefineries

LCF biorefinery should be evaluated for the entire value chain of bio-based products
by taking into account environmental, social and economic impacts. For biorefiner-
ies, the value chain is classified according to following charcteristics: (i) feedstocks,
including production and distribution activities; (ii) conversion processes; (iii) plat-
forms (e.g. intermediatematerials used for synthesis ofmore processedmaterials and
chemicals); and (iv) products obtained after conversion processes from platforms. In
particular, LCF biorefieneries may play a major role in reduction of environmental
impacts: in tackling climate change by reducing the demand on fossil fuel energy and
providing sustainable energy, chemicals and materials. Then, LCF biorefineries are
supposed to contribute to a reduction in greenhouse gas. However, biobased products
and fuels may also be associated with environmental disadvantages due to, e.g. land
use change/intensity or eutrophication of water. These effects also have an impact
on biodiversity and ecosystem services. The environmental analysis can be done by
life cycle assessment (LCA) methodology which takes into account all the input and
output flows occurring along the production chain, from raw material acquisition, to
production, use, and end-of-life (Cherubini 2010). This methodology is standardized
in the ISO 14040 series by the International Organization of Standardization (ISO)
(Mussatto 2016). From various literature data on the environmental impacts of LCF
biorefineries, it can be concluded that LCF biorefinery system could be an effective
option to mitigate climate change, reduce dependence on fossil fuels and improve
cleaner production chains based on local and renewable resources, revitalizing rural
areas (Cherubini 2010; Wertz and Bédué 2013; Valdivia et al. 2016; Cheali et al.
2015). The supply of biomass with sustainable practices is a key point to ensure a
renewable energy supply to biorefineries. Howevever, an careful environmental eval-
uation of LCF biorefinery should include several impact categories, for example: the
potential consequences due to the competition for food and biomass resources; the
impact on use and quality of water; the effects on land use change and soil carbon
stocks and fertility of land; the net greenhouse gas balance; impacts on biodiversity
and ecosystem services; potential toxicological risks and energy efficiency (De Jong
and Jungmeier 2015). Therefore, the determining of all environmental impacts is
complex and a certain degree of uncertainty is always present in the final results.

5.9 Conversion Processes

Various conversion processes of lignocelluloses biomass to biofuel are being sum-
marized in following sections giving stress on the engineering of the lignocelluloses
materials and mechanism.
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5.9.1 First Generation

5.9.1.1 Transesterification

This reaction is used to produce biodiesel or vegetable oil based fatty acid methyl
esters (FAME). The product of the reaction is glycerol which is a high value product
derived from the oil (Kulkarni et al. 2006; Narwal and Gupta 2013). Transesterifica-
tion is a reversible reaction and proceeds essentially by mixing the reactant in which
the catalyst is a liquid acid or liquid base (called homogeneous catalysis), however
in the cases of high free fatty acids (FFA) this process fails that is why solid catalyst
is recommended. The reason is that the solid catalysts can simultaneously catalyze
the Transesterification of triglycerides and FFA present in biomass to methyl esters
(Kulkarni et al. 2006).

5.9.1.2 Ethanol Conversion Process

A wide variety of carbohydrates containing raw materials have been used for pro-
duction of ethanol by fermentation process. The fermentation process refers to the
metabolic conversion of organic substrate by the activity of enzymes secreted by
micro-organisms. There are two basic kind of fermentation has been conceptualized,
(a) aerobic and (b) anaerobic depending upon oxygen needed in the process or not.
There are many micro-organisms capable of providing fermentative changes to both
sugars and starches.

5.9.2 Second Generation Biofuel

There are two basic routes for conversion of biomass to liquid biofuels viz. thermo
chemical processing and biochemical processing which is described in Fig. 5.6.

• Biochemical—in which enzymes and other micro-organisms are used to convert
cellulose and hemicellulose components of the feedstock to sugars prior to their
fermentation to produce ethanol;

• Thermochemical—(also known as biomass-to-liquids, BTL), where pyroly-
sis/gasification technologies produce a synthesis gas (CO+H2) fromwhich a wide
range of long carbon chain biofuels, such as synthetic diesel, aviation fuel, or
ethanol, can be reformed, based on the Fischer–Tropsch conversion

The clear advantage of thermo-chemical processing is that, it can essentially
convert all the organic components of the biomass compared with biochemical pro-
cessing which focuses mostly on the polysaccharides (Kyung Lee et al. 2015).
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Fig. 5.6 Conversion of biomass to 2nd generation fuels (Chakraborty et al. 2012)

5.9.2.1 Bioethanol from Lignocellulosic Biomass

The ethanol that is produced from lignocelluloses biomass is called bioethanol,which
is environmental friendly and renewable (Johnston 2008). It can be used directly in
modified spark engines or can be blended with petrol. Ethanol also improves fuel
combustion in vehicles hence reduction of emissions. In comparison to petrol ethanol
contains only a trace amount of sulphur, somixing ethanolwith petrol helps reduce the
sulphur content of fuel, simultaneouly lowering the emission of sulphur oxide which
is themajor component of acid rain. Sugar and starch can also be fermented to alcohol.
This is in-fact the least complexmethod used in producing ethanol (Kuhad et al. 2011;
Chakraborty et al. 2012). With plant biomass it’s a different story altogether. Plant
biomass consists of cellulose microfibers embedded in hemicelluloses, pectin and
lignin. The amount of each component varies among different plant species and parts.
Following steps are involved in production of ethanol.

• pretreatment of substrates,
• Saccharification process to release the fermentable sugars from polysaccharides,
fermentation of released sugars

• finally distillation step to separate ethanol.

Pretreatment is designed to facilitate in the separation of cellulose, hemicellulose
and lignin, so that complex carbohydrate molecules constituting the cellulose and
hemicellulose can be broken down by enzyme-catalysed hydrolysis into their con-
stituent simple sugars. The complex structure of cellulosemakes it difficult to depoly-
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merise into simple sugars, but once the polymer structure has been broken down, the
sugar molecules are simply fermented to ethanol using fermentative microorganisms
(Elshaghabee et al. 2016).

Hemicellulose consists of 5-carbon sugars,which although are easily broken down
into its constituent sugars such as xylose and pentose, the fermentation process is
much more difficult, and requires efficient microorganisms that are able to ferment
5-carbon sugars to ethanol.

Lignin consists of phenols, and for practical purposes is not fermentable, although
it can be recovered and utilized as a fuel, providing process heat and electricity for
the alcohol (ethanol, butanol) production facility.

The hydrolysis is usually, catalyzed by cellulase enzymes and the fermentation
are carried out by yeast or bacteria. The factors that affect the hydrolysis of cellulose
include porosity, i.e., accessible surface area of the waste materials, cellulose fiber
crystallinity and lignin and hemicellulose content (Kang et al. 2014). The presence
of lignin and hemicellulose makes the access of cellulase enzymes to cellulose dif-
ficult. The lignin and hemicellulose removal, reduction of cellulose crystallinity and
increase of porosity in pretreatment processes can significantly improve the hydroly-
sis. The cellulose crystallinity can be reduced by a combination of chipping, grinding
andmilling (Santos et al. 2011). Steam explosion is the most commonly usedmethod
for pretreatment of plant biomass (Kang et al. 2014).

Lignin biodegradation could be catalyzed by the peroxidase enzymewith the pres-
ence of H2O2. Microorganisms such as brown, white and soft rot fungi are used in
biological pretreatment processes to degrade lignin and hemicellulose (Cragg et al.
2015). Brown rotsmainly attack cellulose, while white and soft rots attack both cellu-
lose and lignin. The white rot fungus Phanerochaete chrysosporium produces lignin-
degrading enzymes, lignin peroxidases and manganese-dependent peroxidases, dur-
ing secondary metabolism in response to carbon or nitrogen limitation (Cragg et al.
2015). Other enzymes including polyphenol oxidases, laccases, H2O2 producing
enzymes and quinine-reducing enzymes can also degrade lignin. The advantages
of biological pretreatment include low energy requirement and mild environmental
conditions, but the hydrolysis rate is very low (Santos et al. 2011).

Furfural is an important inhibitor of ethanol production from hemicellulose
hydrolysate even at low concentrations.Various bacteria and yeast have been reported
to partially transform furfural to either furfural alcohol or furoic acid, or a combi-
nation of both (Moysés et al. 2016). A few microbial species such as Neurospora,
Monilia, Paecilomyces and Fusarium have been reported to hold the ability to fer-
ment cellulose directly to ethanol by simultaneous saccharification and fermentation
(SSF) (Singh et al. 2017). Consolidated bioprocessing (CBP) featuring cellulase pro-
duction, cellulose hydrolysis and fermentation in one step, is an alternative approach
with outstanding potential (Byadgi and Kalburgi 2016). The recombinant strain of
E. Coli with the genes from Z. mobilis for the conversion of pyruvate into ethanol
has been reported by Olson et al. (2015). A key challenge to commercializing pro-
duction of fuels and chemicals from cellulosic biomass is higher processing costs
(Manochio et al. 2017; Techaparin et al. 2017). Biological conversion opens such
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low costs production path as it has the potential to achieve a higher yield and the
modern tools of biotechnology can improve key process steps.

A range of residual substrates such as sugarcane bagasse, sugarcane molasses and
starch has been found suitable for the bioconversion of available carbohydrates in
these substrates to produce ethanol (Techaparin et al. 2017; Suryaningsih 2014). A
variety of mesophilic and thermophilic microorganisms were employed to optimize
the fermentation process, which could be practically viable in different climatic con-
ditions, particularly to reduce the cost of temperaturemaintenance in large fermenters
operating in warmer countries in summer months (Wu et al. 2016).

Sukumaran et al. have recently reported on bioethanol production from the saccha-
rification of wheat bran, a ligno-cellulosic waste (Sukumaran et al. 2009). The cost of
cellulase enzymes is a major factor in the enzymatic saccharification of agricultural
biomass, which contains lignin. Production cost of cellulases and hence ultimately
the cost of ethanol productionmay be brought down bymultifaceted approaches. One
important approach is the use of cheaper lignocellulosic substrates for the biosyn-
thesis of the enzyme, and second strategy is the use of cost efficient fermentation
process such as solid state or solid substrate fermentation at much cheaper cost.

Whilst bioethanol production has been greatly improved by development of new
technologies but there are still challenges that need further improvements in the
developed technology to bring forward to commercial scale. These challenges include
maintaining a stable performance of the genetically engineered microorganisms and
developing more efficient pretreatment technologies for the lignocellulosic biomass
and integrating the optimal components into economic ethanol production systems.

5.9.3 Third Generation Biofuel

The conversion technologies for utilizing microalgae biomass can be separated into
two basic categories of thermochemical and biochemical conversion (similar to ter-
restrial biomass). Thermochemical conversion covers the thermal decomposition of
organic components to fuel products, such as direct combustion, gasification, ther-
mochemical liquefaction and pyrolysis. The biological process of energy conversion
of biomass into other fuels includes anaerobic digestion, alcoholic fermentation and
photo biological hydrogen production (Slade and Bauen 2013).

5.10 Advancement in Different Fuels

As mentioned earlier the field of biofuels has seen meteoric change both in the
techniques used and the quantities of biofuel produced. Use of food crops was sup-
plemented by agriculturalwaste and residue and itwas hypothesized thatmicroscopic
species can be used for further improvement. Transgenic has been used to improve
the biofuel crops (Grant 2009). Efficient biotechnical methods to modify the struc-
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ture of different algal species coupled with photonic techniques has been explored
to give high yields. Different designs of bioreactors have been explored which aims
at higher growth rate of algae. One such example is found in one of the recent work
by Milano et al. 2016 but not only this there had been a thrust on developing dif-
ferent technologies to use biofuel in different forms. Bio-fuel cells both enzyme
and microbe based to convert biofuels to electricity has been created and improved.
One such advancement in the bio fuel cells is creation of organelle based biofuel
cell (Marbelia et al. 2014) which uses mitochondria immobilized on paper instead of
complete cells. This kind of fuel cell is more efficient than enzymatic fuel cell and has
the efficiency of microbial fuel cell. These and many such other developments have
propagated the hope that these biofuels can be used competitively with petroleum
based products as well as production of hydrogen in recent days (Sharma 2017).

5.11 Progress in Processing of Lignocellulosics to Biofuels

5.11.1 Pre-treatment

Due to the nonfermentable nature of lignin, biomass is pretreated to separate cellu-
lose, hemicellulose and lignin. Pretreatment is the major step in the successful pro-
duction of valuable products from lignocellulosic biomass.A suitable pretreatment of
biomass is necessary to ensure good yields of sugars from the polysaccharides. Pre-
treatment disrupts the plant cell wall and improves enzymatic access to the polysac-
charides as raw and untreated biomass is usually resistant to enzymatic degradation.
A number of biomass pretreatment technologies are available today (Nanda et al.
2014; Putro et al. 2016; Menon and Rao 2012), such as physical (comminution by
chipping, grinding and milling to reduce biomass particle size; ozonolysis; gamma
rays; pulsed electrical field; electron beam; ultrasound and microwave digestion),
chemical (use of acids, bases and organic solvent in biomass hydrolysis), thermo-
physical (liquid hot water, steam explosion, supercritical water), thermochemical
(wet oxidation, ammonia recycle percolation, ammonia fiber explosion, supercritical
CO2) and biological (enzymatic hydrolysis).

As regard chemical pre-treatments, hydrolysis of lignocellulosic biomass result in
undesirable components found in biomass hydrolysates that are inhibitory to fermen-
tation include sugar degradation products (e.g. hydroxymethyl furfural or HMF and
levulinic acid), hemicellulose degradation products (e.g. acetic acid, ferulic acid, glu-
curonic acid and p-coumaric acid) and lignin breakdown products (e.g. syringalde-
hyde and syringic acid). New pretreatment methods were proposed to be highly
efficient and effective for downstream biocatalytic hydrolysis of various lignocellu-
losic biomass materials, which can accelerate bioethanol commercialization, such as
the hydrogen peroxide–acetic acid pretreatment (Wi et al. 2015). Recent advances
included acidic treatments to deconstruct biomass in combination with organic sol-
vents in a biphasic system, in order to increase the concentrations of products and
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the efficiency of downstream processing options (Wettstein et al. 2012). It would be
highly desirable if these organic solvents could be produced from biomass, thereby
eliminating the need to transport solvents derived from petroleum to the biomass
refining site. Recently, ionic liquids are gaining interest in biomass hydrolysis and
being attractive alternatives to volatile and unstable organic solvents due to their high
thermal stability and nearly absolute nonvolatility (Vancov et al. 2012). Nevertheless,
there are several core issues that stand in the way of commercialization, including
the relative high cost of the ionic liquids, a lack of knowledge in terms of process
considerations for a biorefinery based on these solvents, and scarce information on
the co-products of this pre-treatment technology (Klein-Marcuschamer et al. 2011).

Thermophysical and thermochemocal pretreatments often result in the genera-
tion of inhibitory byproducts such as furfural, HMF and acetic acid. They have
adverse effects on enzymatic hydrolysis and fermentation, consequently several post-
treatment steps such as detoxification, neutralization and nutrient supplementation
to the hydrolysate medium could curb the inhibitory effects (Nanda et al. 2014).

As regard biological pre-treatments, lignocellulose polysaccharides are
hydrolyzed to provide the mono-saccharides used by microbial biocatalysts in fer-
mentation processes.

Synergistic interaction between different enzymes have been investigated in order
to design optimal combinations and ratios of enzymes for different lignocellulosic
substrates subjected to various pretreatments (Van Dyk and Pletschke 2012). Bio-
conversion using enzyme synergy has generally opted for two approaches, individual
enzyme combinations or combinations of commercial mixtures. Based on the sub-
strate analysis and identification of sugars, enzymes are selected for hydrolysis of
bonds relating to those sugars. Enzymes required for glucose and xylose release are
considered the main enzymes, while accessory enzymes are added should those sug-
ars be present. These enzymes are then evaluated for optimal yield and synergy. Once
enzyme ratios are optimized, further accessory enzymes can be evaluated for total
release of all sugars (see Fig. 5.7a). Finally, commercial mixtures must be selected
and characterized to identify the presence of relevant enzyme activities. Ratios of
commercial mixtures are optimized based on yield of glucose and xylose. Enzyme
activities that are not present in the commercial mixtures must then be added in the
form of additional enzymes and evaluated for improved hydrolysis (Fig. 5.7b).

5.11.2 Cellulose and Hemicelluloses Conversion

After biomass pretreatment, cellulose and hemicellulose fractions of the lignocellu-
losic biomass are converted to various biofuels, while the residue fraction (lignine) is
converted via combustion. Hydrotermal, thermochemical, biochemical and chemo-
catalytic processes are typically studied to produce biofuels from lignocellulosic
biomass. Along with bio-oil, ethanol, butanol and syngas, various value-added co-
products including biochar, organic acids, solvents, phenols, aromatic compounds,
etc. are also obtained. The most used platform molecules include: (a) levulinic acid

anuj.kumar.chandel@gmail.com



5 Technological Aspects of Lignocellulose Conversion … 141

(a)

(b)

Fig. 5.7 a Model for developing optimal combinations with individual enzymes and b optimal
synergistic combinations with commercial mixtures of enzymes (Van Dyk and Pletschke 2012)
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that can be transformed to produce either fuels or additivies for fuels; (b) furan
derivatives that can also be transformed into fuels and fuel additives; (c) polyols to
produce liquid fuels as well as oxygenated additives; (d) fatty acids for producing
diesel and lubricants (Climent et al. 2014).

In hydrothermal processes, supercritical water acts as a medium in the biomass
conversion to fermentable sugars and H2-rich syngas. This technology has been
found to be promising for the production of H2 from biomass over last few years, but
it has a few limitations for industrial applications (Nanda 2012). Thermochemical
processes do not require enzymes or microorganisms, they are applicable over a wide
range of feedstocks, and they are generally compatible with conventional petroleum
processing technologies.However, pre-treatment of the biomass and physical feeding
into thermal processing units are challenging. The thermochemical conversion of
biomass includes gasification, pyrolysis and liquefaction.

Gasification produces syngas and tar (condensable high molecular weight hydro-
carbons produced by incomplete biomass gasification). Syngas is converted to biofu-
els by using chemical catalysts known as FT process or by using microbial catalysts
known as syngas fermentation (Munasinghe and Khanal 2011). The syngas fermen-
tation into ethanol and other bioproducts is considered to be more attractive due to
several inherent merits over the biochemical approach and the FT process. In gasifi-
cation, challenges include minimization of tar formation, syngas cleanup, develop-
ment of effective catalysts, and integration with Fischer–Tropsch (FT) process. The
direct integration of biomass gasification and FT synthesis requires an intermediate
gas-cleaning system, because the gaseous stream delivered from the gasifier typically
contains a number of contaminants that need to be removed before the FT unit, which
is highly sensitive to impurities (Serrano-Ruiz and Dumesic 2011). The utilization
of pure oxygen atmosphere, small particle sizes (lower than 1 mm diameter), and a
combination of high temperatures, high pressures and low residence times favors the
production of syngas versus producer gas (a mixture of CO, H2, CO2, CH4, and N2

used for heat and electricity production) (Serrano-Ruiz and Dumesic 2011).
Pyrolysis produce bio-oil, gas and char and major challenges include cleanup

of the bio-oil and sufficient stabilization of it for practical delivery and use in a
petroleum refinery (Hoekman 2009). A new controlled conversion of lignocellulose
biomass to bio-jet and diesel fuels by catalytic pyrolysis of biomass into low carbon
hydrocarbons coupled with alkylation of aromatics was recently proposed (Zhang
et al. 2015).

Finally, liquefaction gives bio-oil and gas as products. Bio-oil results in a complex
mixture of volatile organic acids, alcohols, aldehydes, ethers, esters, ketones, and
non volatile components. This oil could be upgraded catalytically to yield an organic
distillate product which is rich in hydrocarbons and useful chemicals (Naik et al.
2010).

The biochemical conversion involves biomass hydrolysis with dilute acids and
enzymes to produce monomeric sugars followed by microbial fermentation of the
sugars to fuel ethanol and butanol (Balat 2011). Recent studies have aimed to bet-
ter characterize and understand the mechanisms of cellulase/hemicellulase reac-
tions to design high performance cellulosomes/hemicellulosomes (Gao et al. 2013).
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Recent articles reported the identification and characterization of novel xylanases
(GH10-XA) and α-glucuronidase (GH67-GA) from Alicyclobacillus and Caldicel-
lulosiruptor (GH67-GC) (Cobucci-Ponzano et al. 2015). Several authors focused
on the current status and advances in cellulase and hemicellulase improvement
(Dumon et al. 2012, Behera and Ray 2016, Gao et al. 2011). Recent developments
include engineered strains for consolidated bioprocessing for cost-effective produc-
tion: hydrolytic strainswith a recombinant biofuel pathway and engineering of a natu-
ral ethanologenic strain by inserting cellulolytic and/or hemicellulolytic potentialities
(Amore and Faraco 2012). Although the actual consolidated bioprocessing yields are
lower than those of wild fermenting microorganisms on lignocellulose hydrolysates,
the concept is promising. The biomass hydrolysates containing monomeric sugars
(glucose and xylose) were fermented using Saccharomyces cerevisiae and Clostrid-
ium beijerinckii for ethanol and butanol production, respectively (Nanda et al. 2014).
New strains and process intensification are being investigated, including the use of
a pervaporation system in order to remove the produced alcohol continuously and
increase the yield (Amelio et al. 2016).

Solid-state fermentation technology is expanding with increasing importance for
the production of high value-added products, by involving the growth of microorgan-
isms on moist solid substrates in the absence of free flowing water. It has gained con-
siderable attention due to several advantages over submerged fermentation (Behera
and Ray 2016). Other authors investigated the rapid bioconversion of lignocellulosic
sugars into ethanol using high cell density fermentations with cell recycle by using
nine different engineered microbial strains: the results showed that acceptable per-
formance is largely correlated to the specific xylose consumption rate (Sarks et al.
2014).

Bioconversion of lignocellulose by microbial fermentation is typically preceded
by an acidic thermochemical pretreatment step designed to facilitate enzymatic
hydrolysis of cellulose. Substances formed during the pretreatment of the ligno-
cellulosic feedstock inhibit enzymatic hydrolysis as well as microbial fermentation
steps. Conditioning of slurries and hydrolysates can be used to alleviate inhibition
problems connected with hydrolytic enzymes and the yeast Saccharomyces cere-
visiae. Novel developments in the area include chemical in situ detoxification by
using reducing agents, and methods that improve the performance of both enzymatic
andmicrobial biocatalysts, such as fermentation technology andmicrobial resistance
to inhibitors (Amelio et al. 2016).

Since lignocellulose conversions carried out at <50 °C have several limitations,
thermophilic bacteria and thermostable enzymes were also investigated to overcome
the limitations of existing lignocellulosic biomass conversion processes to biofuels
(Amelio et al. 2016; Bhalla et al. 2013).

Alternatively, an integrated system including anaerobic digestion and aerobic
fungal fermentation was investigated to convert corn stover, animal manure and food
wastes intomicrobial lipids for biodiesel andmethane production (Zhong et al. 2015).
This novel self-sustaining advanced lignocellulosic biofuel production is based on
a combined hydrolysis treating synergistically solid digestate and corn stover (see
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Fig. 5.8 Flowchart of a self-sustaining advanced lignocellulosic biofuel production (Zhong et al.
2015)

Fig. 5.8). Some authors also proposed to link anaerobic digestion and pyrolysis in
order to convert lignocellulosic biomass more efficiently (Fabbri and Torri 2016).

In metabolic engineering, significant progress has been made using physical and
chemical mutagens to increase production of lignocellulolytic enzymes (Behera and
Ray 2016; Chandel and Singh 2011). Awide range ofmicroorganisms are being engi-
neered reflecting the effectiveness of today’s gene technology. Successful metabolic
engineering strategies are being applied with emphasis on xylose catabolism,
inhibitor tolerance, synthetic microbial consortium, and cellulosic oligomer assimi-
lation (Chen and Dou 2016).

In the chemical or chemo-catalytic approach, the cellulosic biomass undergoes
catalytic hydrolysis, using acids either in aqueous solution or heterogeneous phase.
Continued research is necessary to address the use and separation of mineral acids,
increase the concentration of product streams, and improve product separations.
Mineral acids can be eliminated by the identification of solid acid catalysts easily
recoverable from the reaction mixture and recyclable for biomass deconstruction and
for upgrading the resulting sugars. Alternatively, effective management and recycle
of the mineral acid must be achieved to reduce costs and environmental impact.

Direct transformation of lignocellulosic biomass into 5-hydroxymethylfurfural
(HMF)—emerging platform for the next generation plastics and biofuels (Wang
et al. 2014)—was carried out using single or combined metal chloride catalysts in
DMA–LiCl solvent under microwave-assisted heating or using Sn-Mont catalyst in
a tetrahydrofuran (THF)/H2O–NaCl biphasic system under mild conditions (Wang
et al. 2014).
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Fig. 5.9 Integrated catalytic process for monophasic conversion of cellulose to butene oligomers
(using SBP solvent), biphasic conversion of hemicellulose to butene oligomers (using LD solvent),
and monophasic conversion of lignin to LD solvent (Kim and Han 2016)

A novel controllable transformation of lignin into C8–C15 cycloparaffins and
aromatics in the jet and diesel fuel range by catalytic depolymerization of lignin
using ionic liquid was demonstrated. Ionic liquids may play a role in catalysis, in
addition to their role in facilitating the dissolution of cellulose (Zhang and Zhao
2010). However, ionic liquids were not suitable for large scale applications due to
their high cost and deactivation by small amounts of water, and their separation from
the reaction mixture was still a problem.

An integrated process (see Fig. 5.9) based on a new alkylphenols-based biomass
conversion technology was recently developed by Kim and Han (2016) as an eco-
nomically competitive alternative to current biofuel production approaches. This
catalytic production strategy involves separate conversion of hemicellulose and cel-
lulose using 2-sec-butylphenol (SBP) and lignin-derived (LD) alkylphenol solvents,
in order to produce liquid hydrocarbon fuels (butane oligomers). Firstly, row biomass
is fractionated by dilute sulfuric acid (SA)-catalyzed pretreatment into cellulose and
hemicellulose-derived xylose. These two fractions are then converted separately to
levulinic acid (LA) using SBP and LD alkylphenol solvents, respectively. Finally, LA
is upgraded catalytically to butene oligomers via c-valerolactone (GVL) and butene
intermediates.

The proposed strategy has a high biomass-to-fuels yield (34.8mol%) at low solids
concentrations using large volumes of solvents, which are mostly recovered (99%).
Energy integration reduced the total heating requirements by 72%.

Hemicellulose and cellulose can be also simultaneously converted in a single
reactor, thus eliminating pre-treatments steps to fractionate biomass and simplifying
product separation. This process uses gammavalerolactone (GVL) as a solvent, that
is also one of the reaction products, over different catalysts (Climent et al. 2014).
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Commercial processes for the conversion of biomass to fuels are now based
mainly on the production of bioethanol, biodiesel and renewable fuels from gasi-
fication and pyrolysis of biomass and hydroprocessing of triglycerides, but there
are few commercial processes based on the catalytic approaches. A catalytic pro-
cess was developed by Avantium (Netherlands) in order to produce furan derivatives
such as ethoxymethylfurfural as alternatives to petroleum-derived hydrocarbons. In
2010 Shell and Virent announced the first biogasoline demonstration plant based on
Virent’s Bioforming® process converting aqueous carbohydrate solutions into mix-
tures of hydrocarbons by combining aqueous phase reforming using heterogeneous
catalysts (Virent modified ZSM-5 zeolite) (Climent et al. 2014).

5.12 Conclusions and Future Trends

Biofuels are a promising short term alternative to petroleum-derived fuels and can
be derived from renewable carbon sources to mitigate greenhouse gas emissions.
The applicability of biomass as a renewable resource for transportation fuels has
been demonstrated by the successful integration of first generation bioethanol and
biodiesel into the current infrastructure. However, first generation technologies have
drawbacks related to their consequent ethic question food vs fuel. A more sustain-
able biofuels strategywould utilizewidely available biomass feedstocks to the largest
extent possible, drawing upon non-edible lignocellulosic biomass. A successful lig-
nocellulosic biorefinery can be realized through a combination of different technolo-
gies and biomass processing strategies for the flexible production of varied fuel and
chemical products.

There aremany challengeswhich need to be addressed tomake the syngas fermen-
tation commercially viable in producing biofuels and other value-added products.
The yields of the products from syngas fermentation are usually low; hence new
recombinant microorganisms with high yields of ethanol are essential for industrial
scale fermentation of syngas. Genetic manipulation of microorganisms to amplify
solvent production over acetic acid can be considered as a possible option (Nanda
et al. 2014).

Bioconversion using enzyme synergy is generally based on twouseful approaches,
individual enzyme combinations or combinations of commercial mixtures. The use
of individual enzymes can lead to a greater understanding of synergy and coopera-
tion between enzymes to degrade a complex substrate, but there is no commercial
availability of pure enzymes (mostly the lesser known accessory enzymes) to study
interactions between enzymes, as well as there is no characterization of the avail-
able enzymes in terms of activity on complex substrates, stability and inhibition in
the bioreactor environment. New enzymes and protein engineering are necessary to
improve characteristics of enzymes and to provide suitable enzymes for the future.

Instead, the use of commercial enzymes may be a quicker route to commercial-
ization, but it is important that production of these mixtures should be optimised for
different substrates with different pretreatments.
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In order to perform the biocatalytic conversion of lignocellulose at industrial scale,
further aspects need to be addressed. At first, the biocatalysts have to be improved
so that higher yields and productivities can be achieved. Moreover, product recov-
ery and the recycling of water as well as biocatalysts have to be considered, since
both aspects are essential for industrial processes. Ultimately, the evaluation and
model-based synthesis of the complete process chain needs to be performed, since
pretreatment, hydrolysis, fermentation, product recovery as well as recycling steps
are strongly associated and need to be harmonized (Jäger and Büchs 2012). Fur-
ther research should be done with respect to hemicellulases and their contribution to
lignocellulose degradation, particularly the role of enzymes such as pectinases, man-
nanases and other accessory enzymes. The role of other proteins and non-hydrolytic
enzymes to achieve and enhance complete degradation of lignocellulose requires
further investigation (Van Dyk and Pletschke 2012).

New trends in engineering synthetic microbial consortia and direct use of cel-
lulosic or hemicellulosic oligomers are promising potential future directions for
research and development. Strain improvement for enhanced cellulases biosynthe-
sis using mutagenesis, metabolic engineering and genomics approaches, should be
used for the lignocellulosic bioconversion processes. Recombinant DNA technol-
ogy and protein engineering are also being used as a powerful modern approach for
efficient lignocellulosic bioconversion by improving various aspects of lignocellu-
lolytic enzymes such as production, specific activity, pH and temperature stability,
or by producing novel proteins/enzymes with altered properties (Kumar et al. 2008).

Moreover, degrading the recalcitrant part of the lignocellulosic biomass (chitin
for example) remains a challenge. Further challenges concern the combination of
pretreatment and hydrolysis at high solids loadings to make energetic molecule pro-
duction economically viable. However, efforts need to be continued to overcome
biological bottlenecks and transfer limitations, crucial steps to optimize processes
with high solids lignocellulosic materials (Alfenore and Molina-Jouve 2016).

In order to compete with the cost of petroleum fuels, the cost of biofuel pro-
cessing should be kept as low as possible using energy efficient technologies and
using less water. Producing as many co-products as possible in a biorefinery will
help to reduce the cost of biofuel production. It is important that a biorefinery should
be established in an appropriate location that has good water resources, access to
feedstocks, and energy that is needed to process the feedstock. Several studies are
in progress to enhance carbohydrate release from lignocellulose by combinations of
physical and physicochemical pretreatments; combine pretreatments and hydrolysis
to improve yields at high solids loadings; maximize and accelerate the conversion of
sugar monomers into the final products by improving enzyme activities for separate
hydrolysis and fermentation processes; improve the fermentation performances by
ensuring nutritional complementation of both liquid and gaseous media, optimiz-
ing mass transfer with new configurations of bioreactor, and developing engineered
strains to better understand the metabolic pathways involved in biofuel synthesis
to develop over-producing engineered strains with increased inhibitor resistance;
develop a cleanup system to remove inhibitors present in both the substrate (liquid
or gas) and the fermented broth for purifying energetic molecules.
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In conclusion, the success of a biorefinery concept depends on the development
of energetically efficient processes to convert lignocelluloses biomass directly into
biofuels. For this reason, the research should focus on:

– in-depth understanding of themechanism of conversion of lignocellulosic biomass
by heterogeneous catalysis and of the interrelationship among the feedstock, the
catalyst, the reaction conditions and the product distribution;

– design and preparation of multifunctional catalysts for highly active and selective
conversion of lignocellulosic biomass;

– development in biological and genetic fields;
– development of strategies for the production of flexible chemical platform
molecules, such as levulinic acid and g-valerolactone;

– applications for the production of speciality chemicals and hydrocarbon fuels;
– technologies for biomass deconstruction, such as fast pyrolysis;
– methods for the synergistic coupling of hydrolytic and thermochemical processes
into an integrated biorefinery;

– strategies for lignin utilization.
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Abstract:

As the dairy industry is renowed to be one of the most wide sectors of industry in terms of worldwide 
spread production and vastity of products and byproducts, a great attention to its technology 
development has been payed through out the decades, resulting in a constant improvement in 
technology for environmental remediation. A crucial focal point in dairy industry has always been 
the separation of milk components (fats, proteins) and its fractionation which has been carried out by 
a number of unit operations that have been replaced over time by membrane filtration, thus 
eliminating the side effects of more invasive proceedings like thermal operations, resulting in higher 
quality and more valuable products. Membrane filtration in dairy industries has developed to be used 
in the most dairy operations like: fractionation, bacteria removal, whey purification, proteins isolation 
and more. Main membrane applications in dairy industry are taken in account in this article as well 
as some instances of their development as patented plant unit processes.

Keywords: Membrane processes, Dairy industrial waste, byproduct recovery,Innovation,Industrial 
processes

Introduction:

Membrane separation technology is a well-established process not only in dairy industry but also 
other industrial processes. Applications of membrane in dairy processing include the isolation of 
whey as well as serum proteins, separation of fats from whole milk (skimming), removal of microbial 
cells from the milk and more applications, as shown in the following table 1 [Cheyran and Alvarez, 
1995, Pouliot, 2008, Brans et al., 2004;].
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Table 1: Membrane applications in dairy processing industry [Modified from Cheyran and Alvarez, 
1995; Pouliot, 2008; Brans et al., 2004]

2.1 Microfiltration:

Microfiltration is one of the first kinds of membrane technology ever used. As other kinds of 
membrane technologies, MF is a pressure driven separation process and it’s applied on relatively big 
particle separations.

MF membranes are made of organic, mainly polymers, or inorganic materials as ceramics.

An example of widely used membrane casting material are PTFE (polytetrafluoroethylene) and 
PVDF (polyvinylidene fluoride). The latter are two hydrofobic membrane examples, hydrophilic 
materials are widely used based on the needs of the process. It hs to be said that some hydrophobic 
materials can turn to hydrophilic by surface modification.

MF can be operated in two different ways: dead-end or cross-flow filtration. Indead-end filtration the 
driving force (pressure) is applied pushing the inlet flow towards the membrane in a perpendicular 
manner, while during the cross-flow separation the feed stream drifts in a tangential way on the 
membrane surface (figure 1). Dead-end leads to a more pronounce fouling and pore inaccessibility, 
so that is more feasible to be applied to diluted streams.
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Figure 1: Dead-end filtration and cross flow filtration schemes.

 The application of MF in food beverage, mainly operated in a cross-flow scheme, includes fluid 
sterilisation, clarification and water potabilization. In dairy business MF is common used for bacterial 
and spores removal from milk and in process water treatment. MF has the ability of prolonging milk 
shelf-life by microbial removal without altering its taste. In figure 2 the MF effect on skim milk 
components is reported: microfiltration leads to the removal of the microbial cells, but allows smaller 
components such as proteins, lactose, minerals and water to pass through the permeate producing a 
“bacterial free” skim milk.

Figure 2:Effect of MF on skim milk components.

Bovine milk contains about 3.2% w/w proteins. These are casein proteins and whey proteins (around 
18% w/w of total proteins). Whey proteins are commonly used in the food supplement industry and 
commercialized as concentrates (WPCs, whey proteins concentrates) or isolate (WPI, whey protein 
isolate).

MF can be applied to separate WPs without any chemical change in the product: casein proteins after 
MF are found in the retentate side while WPs which are permissible to pass over the membrane and 
drift in the permeate side to be recovered.

Whey/casein protein separation is possible due to the physical and chemical differences between the 
two. The following Table 2 [ Saha K 2017; Nath A 2015;  Fox and McSweeney, 2003] reports the 
concentration and the molecular weight of the major proteins in milk.
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Proteins Conc. (g/L) Molecular weight, 
D

αs1-Casein 10.0 24 000
αs2-Casein 2.6 25 000
β-Casein 9.3 24 000
??-Casein 3.3 19 000
Υ-Casein 0.8 12 000–20 000
β-Lactoglobulin 3.2 18 000∗
α-Lactalbumin 1.2 14 000
BSA 0.4 66 000
Immunoglobulins 0.7 150 000–900 000
∗Normally present as a dimer in milk solution with MW 
of 36 000.

Table 2: Concentrations and MW of major proteins in milk [Fox and McSweeney, 2003].

2.2 Ultrafiltration mechanism:

Ultrafiltration (UF) is a pressure-driven process (usually 2 to 10 bars), it works by size-exclusion and 
is a process capable to concentrate macromolecules in the feed side of the solution such as proteins 
or lipids.

UF is consistently used for solutions clarification, concentration or fractionation.

UF membranes are typically casted starting from polymeric materials, like polysulfone or cellulose 
acetate, or inorganic materials like ϒ-alumina/α-alumina or pyrolized carbons.

Cow’s milk composition includes lactose as its main carbohydrate with a concentration of 4.5-5% 
while nearly 70% of world population is lactose intolerant [Hu and Dickson, 2015].

These two data well justify the interest of dairy industry in lactose-free milk.

Lactose can be separated by hydrolysis, in which lactase is used as enzyme to hydrolyze D-galactosyl 
molecules (Fig.3), by chromatographic separation [Harju, 1989] in which a column is packed with a 
cation exchange resin allowing separation while milk is pumped through the column.
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Figure 3: Lactose enzymatic hydrolysis to D-galactose.

A third method is membrane separation: UF is a reasonably good method for lactose reduction in 
milks. UF allows to retain fats and proteins in the retentate side while lactose, salts and other minerals 
permeate through the membrane.

A comparison between two processes was made [Chen, Hsu, Chiang, 2002] by research to obtain 
low-lactose milk: a catalyst driven and a membrane separation.

The first of the two methods included the use of Aspergillus orizae β–galactosidase as a catalyst to 
convert milk lactose into oligosaccharides, while for the second method a hollow fiber UF membrane 
with a 50 kD molecular weight cut-off was used.

The whole process scheme and variables are reported in figure 4.

At first UF was applied to a skim milk feed where a 30% lactose has been retained. The resulting 
permeate was treated with the first method where lactose was further converted into oligosaccharides. 
Highest yield of 31% total oligosaccharides content has been obtained by the conversion of 25.5% of 
lactose in the permeate with a ratio E/S (enzyme to substrate) of 6.8% at 50°C for more than 3 hours. 
Whereas the hydrolysate stream is then mixed with UF retentate to get a final low or minimal lactose 
milk.

This process is able to provide a really good low-lactose milk quality because milk proteins and milk 
natural flavours were not in straight interaction with the enzyme.

Figure 4: Scheme of the low-lactose milk production proposed by Chen, Hsu and Chiang.

Nanofiltration (NF) and Reverse osmosis (RO) in dairy sector:
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Nanofiltration and Reverse osmosis has vastly used in dairy industry not only to whey and permeates 
reduction but also to decrease the inorganic components– particularly sodium and potassium 
chlorides. Since both whey and permeates are essential to pass over a membrane prior to further 
processing, hence NF becomes a very important technology, as its cartels volume decrease with 
partial demineralization in the same step. Production of Lactose is based on whey. NF plays a 
significant role in modern lactose production processes. During production of demineralized or non-
hygroscopic whey powder, NF can be useful as a cost-effective enhancement to electrodialysis and 
ion-exchange technologies.

On the other hand, reverse osmosis can be applied as a supplement to evaporation in dairy industry. 
Huge savings can be attained by Process intensification strategies. Reverse osmosis (RO) is a very 
effective way of eliminating water from the milk or whey before the evaporation step. By mounting 
a reverse osmosis plant in upstream process, the dimensions of the evaporator can be improved 
considerably. Reverse osmosis can be implemented to concentrate skimmed milk or whole milk in 
order to increase the total solids component. By this way industry is able to meet the demands – both 
economic and environmental in terms of waste and energy recovery. 

3. Lactose-free milk production:

There are a number of patented processes for lactose-free milk production, here some of them are 
presented.

Lange [Callegari A 2018; Lange, 2005] along with The Agropur Cooperative, Canada, patented a 
process (figure 5) that is able to remove 99% of lactose from skim milk. Cow milk with an average 
lactose content of 4.8% was standardized and then thermally treated at 72.8°C for 16 seconds to 
eliminate the bacterial content. A temperature rise has also the effect of speed up the permeation in 
the UF processing step by reducing deposition on the membrane itself. After thermal treatment milk 
is pumped into a diafiltration system. The patent includes the use of a RomiconTM PM50 membrane 
(operating variables in table 3) as the core of the diafiltration step while adding water with same 
velocity as the permeate flux leaving the UF membrane.

Permeate flux 30 L/m2h

Temperature ≥ 50°C

TMP 1.0 bar

Cross-flow velocity ≥ 7m/s
Table 3: Process conditions of RomiconTM PM0 membrane units in Lange process.

The permeate coming from the UF step is subjected to an enzymatic hydrolysis for lactose conversion 
and to a thermal treatment. After these steps homogenization is applied to disperse fat molecules thus 
preventing a phase split between the lipids and the aqueous phase.
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Figure 5: Scheme of the Lactose-free milk production plant patented by Lange.

A different approach has been presented and patented by Wang [Abdelkader, 2019 Wang, 2005]. This 
process is based upon a series of sequential membrane processings (figure 6). The UF operates by 
diafiltration (as better explained below) on membranes with a MWCO of 900 daltons under 
conditions listed in table 4. Large molecular weight components as fats and proteins are found in the 
UF retentate while water lactose and some of the minerals pass into the permeate side of the 
membrane.

Feed flow velocity 22 gpm

Temperature 10°C

TMP 45 psi
Table 4: Process conditions UF membrane units in Wang process.

The UF permeate is sent to a nanofiltration with a 150-300 daltons MWCO. NF operative variables 
are listed in table 5.

Feed flow velocity 4 gpm

Temperature 10°C

TMP 220 psi
Table 5: Process conditions NF membrane units in Wang process.

NF permeate results in a stream containing water and part of the minerals. This stream is used as 
diafiltration media in the previous UF step so it is pumped to the UF step retentate tank.

The whole process can reach a lactose content of 0.07% in the UF retentate stream so that the 99% 
of lactose is removed from the incoming skim milk and the protein content in the lactose-free product 
is higher than the unprocessed skim milk (nearly 30% more than the feedstock).

Final milk compositions are reported in the following table 6.
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Total nitrogen proteins 4.44%

Lactose 0.07%

Fats 0.31%

Ca 136 mg/100g

Na 45 mg/100g

K 147 mg/100g

Mg 16 mg/100g

P 110 mg/100g
Table 6: Final milk composition in Wang process.

Figure 6: Scheme of the Lactose-free milk production plant patented by Wang.

In 2013 Tossavainen and Sahlstein patented a process (figure 7) for lactose-free milk production and 
milk concentration based upon UF, NF and RO (reverse osmosis). This kind of process allows the 
milk to retain its organoleptic characteristics. A standardized milk with a fixed protein and fat content 
is at first pasteurized at 72°C for 15 seconds, then UF is applied at 50°C using GR61PP membranes 
with a MWCO of 20kD. The resulting UF permeate, mainly containing water and minerals is sent to 
a NF step on a Nanomax-50NF membrane at room temperature. Nanofiltration is carried out until the 
retentate reaches the volume of ¼ in respect to the original feed. In this NF step lactose is retained in 
the retentate.

The NF permeate is then concentrated using a RO membrane until the retentate reaches 1/10 of the 
volume of the previous NF permeate fed into the RO. In the reverse osmosis step minerals are 
concentrated in the retentate.

UF retentate is then mixed with RO retentate, water and β-D-galactosidase so that a hydrolysis 
reaction takes place at 10°C for 24h. The final milk has a lactose content of less than 0.01% so that 
the final composition results similar to a semi-skimmed milk as shown in table 7.
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Proteins 3.35%

Lactose <0.01%

Glucose/Galactose 3%

Fats 1.5%

Ash 0.79%

Dry matter 8.84%
Table 7: Final milk composition in Tossavainen and Sahlstein process.

Figure 7: Scheme of the Lactose-free milk production plant patented by Tossavainen and Sahlstein.

4. Whey production:

Whey is a liquid formed in the cheese manufacturing processes, it contains proteins, lactose, vitamins, 
minerals and growth factors. Usually 8 to 9 litres of whey per kg of cheese products are formed. 

Whey is richer in proteins and fat than milk. Its energy value corresponds to 27 kcal per 100 grams 
of product; it is composed by water about 93% of the total and other components are: sugars (5.14 
grams), proteins (0.85 grams), fats (0.36 grams) and vitamins and mineral salts, such as sodium (54 
grams), calcium, phosphorus and potassium.

Whey components as whey proteins and lactose can be recovered by membrane filtrations. 

A patented process made by Cloidt and Lehman [Cloidt and Lehman, 2007] uses UF to separate whey 
proteins from a whey stream, then the UF permeate, which is rich in lactose, is sent to RO to help 
water evaporation and consequential lactose crystallization [Souza et al., 2010].
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Souza et al. presented four processes for the recovery of purified lactose from whey. This processes 
include two consequential UF steps (diafiltation) for lactose separation and a RO step for its 
purification. In the fourth of the presented processes a microfiltration step is followed by UF, ion 
exchange and RO and it appears to produce the purest lactose.

Lactose fractionation is heavily conditioned by three main factors [Hu and Dickson, 2015].

As the operating pressure of the membrane steps increases the permeate flux increases. His until a 
critical TMP is reached, so that a further increase in pressure causes no more changes in permeate 
flux.

As operating temperature increase the permeate flux increases because of the diminution of milk 
viscosity but the operating temperature should anyway not exceed the denaturation temperature of 
milk proteins and the temperature range applicable on the specific membrane used. 

In the following table 8, the thermal denaturation temperatures Td of major whey proteins are shown:

Table 8: Thermal denaturation of whey protein

Whey Protein Td [°C]

α-lactalbumin 63

α-lactalbumin (Ca depleted) 41

β-lactoglobulin 78

Bovine Serum Albumin 63

An increase in feed flow velocity causes a decrease of the concentration polarization so that 
[Kessler,2002; Atra et al., 2005] the pressure independence mentioned before occurs at higher TMPs. 
In addition, a higher mass transfer trough the boundary layer is reported because of the lower 
hydraulic resistance of the fouling layer.

4.1 MBR applications:

In more recent periods the use of biocatalytic membrane reactors has been put under great attention 
and it can be used in lactose removal from milk or whey [Giorno and Drioli, 2000; Jochems et al., 
2011].

Biocatalysts can be operated, as shown in figure 8, as a free suspension in a reacting solution in the 
retentate side of the membrane or immobilized inside the membrane matrix or on its surface.
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 Figure 8: Schemes for MBR: a) Coupling of a reactor and a membrane unit; b) Integrated membrane 
bioreactor.

In the following table 8 are listed the advantages and the disadvantages of the integrated membrane 
bioreactor as mentioned in the works of Garcia et al. and Rias et al. [Garcia et al., 1999; Rios et al., 
2004; Gésan-Guiziou, G. 2019

].

The configuration with a reactor and a membrane separation unit is preferred when the catalyst 
distribution is the main concern of the process, so that the membrane is used as a retention medium 
for large enzyme molecules like for the hydrolysis process on starch, pectin, k-casein and collagen 
[Wang 2020; Giorno and Drioli, 2000].

ADVANTAGES DISADVANTAGES

Retention and reuse of biocatalysts Heterogeneous of reaction conditions between 
the bulk solution and membrane surface

Minimize processing time Decrease of enzyme activity as a function of 
time

Integrated process (simultaneous reaction and 
separation)

Concentration polarization and membrane 
fouling

Reduce substrate or product inhibition 
continuously

Difficulty in maintaining aseptic conditions (in 
the case of the cell membrane bioreactor)

Economical and high productivity

Easy to control product properties by enzyme 
(specificity) and/or membrane (selectivity)
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Table 8: Advantages and disadvantages of the integrated membrane [Garcia et al., 1999; Rios et al., 
2004].

Integrated membrane bioreactors applications in dairy processes can be found in lactose hydrolysis: 
the use of a MBR allows the simultaneous removal of monosaccharides and the hydrolysis of lactose 
while the process can be operated in continuous and with low pressures and high enzyme 
concentrations, but it has to be said that high enzyme concentrations can lead to microbial 
contaminations which can consequentially cause a loss of enzyme activity. This issue can be avoided 
by UV irradiation of the enzyme solution.  

When using hollow fibers membranes in this process a loss of enzyme is encountered because of its 
adsorption on the membrane surface. A method to avoid this loss is to cover the shell side of the 
membrane with proteins obtained by UF of skim milk.

Another MBR application can be found in regards to the market of functional foods. Galacto-
oligosaccharides (GOS) are the main prebiotic used in the dairy industry. By prebiotic is intended a 
nondigestible food component that, once ingested, has beneficial effects on health by helping the 
growth of good bacteria in the digestive system of the body [Gibson and Roberfroid, 1995; Wen-
qiong 2019].

GOS can be found in many natural products as garlic, onions and honey and also are associated with 
low sweetness, low caloric values and even low cariogenicity [Sako, Matsumoto and Tanaka, 1999; 
Park and Ho, 2010] while maintaining high stability to high temperatures in low pH conditions.

A major issue in GOS production is the formation of monosaccharides that inhibit enzyme activity. 
A study by Boon, Riet and Janssen [Zhu B 2018; Boon, Riet and Janssen, 2000] showed an 
improvement of 23% in GOS yield with a continuous product removal on activated carbons.

Enzyme immobilization can help the separation of monosaccharides during the process, also allowing 
the reusage of the enzyme and a higher temperature and pH stability [Bhattacharyya et al. 1996].

5. Conclusions and Future developments:

The application of membrane technologies in the dairy industry at present day is limited but still 
improving. One technique that is worth mentioning and it’s still under optimization studies is 
membrane chromatography: a bio separation process which involves membranes as chromatographic 
media; this technique advantage over column chromatography is the higher speed of separation. Other 
field of studies that are active at present day can be found in membrane processes: the optimum 
combination of membrane operations and enzymatic hydrolysis with the development of new 
materials and techniques to minimize operational issues such as membrane fouling and poor enzyme 
stability could enhance membrane applications in dairy processes and lead to better products in terms 
of sensory and nutritional properties. All this research fields are leading to better techniques and more 
reliable and sustainable processes while obtaining higher quality products so that they can be easily 
seen as well promising fields of research.
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