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Abstract

Abstract

Human activity has had aignificant environmental impact ithe last
decades, particularly in water pollution resulting fromassiveindustrial
development. This, combined with increasing scarcity, has made the
availability of quality water a global problef8urface wateconstitutesonly
nodnncT 2 2tdal wiaterSan®inddsirykc@hsumes 40 % of this water
for production processes, cooling, heating, etc. However, natural water
cannot be used directly for human consumption or industimd water
treatment is necessary befe its useThis involves thapplicationof various
technologies, often includingsingchemicas such as antifouling and anti
corrosive agentsThe current widespread use of these chemicals has a
environmental impactiue to theirhighphosphorus contentwhichpromotes
eutrophication in aquatic environmentdn line with the priorities of the
Europea2 @niondGreenDeak, it is necessary to adapt the water treatment
sector towards practices with less environmental impact, which directly
implies contributing to the overall sustainability of the indus@onsidering
this, this doctoral thesis project suggests a change of focus, through the
design, preparation, and validation of advanced materials based on Covalent
Organic Frameworks (COFs) to captuetalionsfrom waterresponsible for
fouling and corrosion phenomena. The desigia ¢d carteCOFs is not only a
sustainab¢ alternative to additives based on phosphates, phosphonates, and
organic polymers. It also offers added value by allowing the development of
tailored treatments based on the required initial and final qualitihis
optimization of operation, performance, and resource consumption is not

currently available in the target market.



Abstract

The first introductory chapter of ththesis is intended to givesiate-of-the-

art overview ofwater pollutantsandtreatment difficulties. It alssummarizes
COFs as an alternative approach, reviewing their chemistry, properties,
synthetic procedures and processing, and potential for water treatment
applications.

The following three experimental chapters share the same main objective
developingCOFbased materialso removedifferent metal ionsdissolved in
water.

Chapter 2 covers the preparation of two different COF gels obtained at room
temperature, which showed excellent #eiptakes in waterin combination

with a nonporous polymer, these gelsere processed into COF@polymer
composite beads, allowing the obtention of new filtration systems directly
from the assynthesized materials. This approach yietdgroduct easily
removable from the media, leaving no residues, and that can be incorporated
into the water treatment process

In Chapter 3, an anionic COF material is presentedeimoving AP from
water samples. The material exhibited good adsorption properties towards
this ion, allowing its reusability by maintaining large retention rates for 5
consecutive cycles and showing outstandimgsults under dynamic
conditions.

The last experimental chapter describes the study of a-pgsthetically
modified COF for severansdissolved in water. In this casthe goal isto
explore the feasibility of processirthis material, following two different
approaches to preparing membranes and COF@composite beads, as

explained in Chapter 1.
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Resumen

A lo largo de la historia, ekesarrollode lahumandad ha tenido unimpacto
medioambiental considerable, percha sido séloen las Ultimas décadas
cuandoha cobrado especial preocupacion. Este intex@da visto reflejado

en mayor medidan lo que respecta a la contaminacionldsaguss, debido

al crecimiento exponenciajue ha experimentado la industri&sto, unido la
aumento de la poblaciéon a nivel mundibf derivado en l@scasezle agua

de calidaddisponible Seestimaque las aguas superficiales constituytan

s6lo el 00067 % del agua total de la Tierra, y la industria consume el 40 % de
esta paraprocesos de producciomefrigeracion, etc. H agua como se
encuentra en lanaturalkezano puede utilizarse directamente para consumo
humano oprocesos industrialey, es necesario tratarla antes da uso Esto
implicaenmuchos casqsacer uso déecnologias, que a menudovolucran

el uso de productos quimicos como agentes antiincrustantes y anticorrosivos.
El uso generalizado de estos productasigina un grave impacto
medioambiental, debido a su alto contenido en fosfdoogual afectan gran
medidaa la eutrofizacién de medios acuaticos. En linea algunas de las
propuestas recientesle la Union Européa &rfeen ded, es necesario
adaptar el sector del tratamiento de aguas hacia practicas con menor impacto
ambiental, contribuyendodirectamente aun aumento dela sostenibilidad
dentro de laindustria. Teniendo eronsideraciérios hechosmencionados

esta tesis doctoral propone un cambio de enfoque, mediante el disefio,
preparacion yestudiode materiales avanzados basadosRedesOrganias
Covalentes (COFs) para la captura de ioneg&ilicos en aguagl disefio de
COBRBa la carta no solo es una alternativa sostenible a los aditivos basados en

fosfatos, fosfonatos y polimeros organicos. También ofrece un valor afiadido,



Resumen

al permitir el desarrollo denuevos tratamientos adaptados segun la
necesidad

El primer capitulo introductorio de la tesse divide en dos secciones
principales. La primergretende ofrecer una vision generaobre la
problematicaactualde lacontaminacion de las aguagdg las dificultades
las que se enfrentau correcto tratamiento. La segundaconsiste enun
resumen sobre los CO§, empezando porisu quimica,sus propiedades
principales los diferentes procedimientode obtencidny procesado y su
potencial aplicadin en eltratamiento de aguas.

Los tres capitulos experimentales siguientes compademismo objetivo
principat el desarrollo de CGfpara lacapturade ionesmetélicosen agua.

El capitulo 2 aborda la preparacion de do®Fs en forma dgeles
obtenidos a temperatura ambientepnexcelentes propiedades destencion
de F&* en aguaAsimismg se muestra el procesamiento @stos geles, en
combinacién con un polimero no porogmgra preparaesferas milimétricas
de COF@polimerdEste procesamiento permitéa obtencién denuevos
sistemas de filtracion a partir de los materiales sintetizados.

En & capitulo 3 se presentan COF anibnico para la eliminacion dé*Al
presenteen aguas. Se exponen unosesultadosde adsorciérexcepcionales
para este ion permitiendo su reutilizaciény manteniendo valores de
retenciobn muy altosdurante 5 ciclos consecutivofl material también se
estudiden condiciones dinamicagemostrandounaalta efectividad

El dltimo capitulo experimental describe el estudio de un COF modificado
postsintéticamente para varios iones disueltos en agua. En este ehso,
objetivo secentraen explorar la viabilidad del procesado de este material,
siguiendo dosaproximacionesdistintas, la preparaion de membranas
hibridasy la obtencion demicroesferas decompositesde COF@olimero

similares a las obtenidas en@hpitulo 1.
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1.1.Water as a source of life

1.1.1.Introduction

Water is an essential resource for life and our planet. Indeed, about 71 % of

N>
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continents and islands. The oceans hold approximately 96.5 % of Earth's
water, while only 3.5 % iseéfishwater[1]. However, it is estimated that 99 %

of terrestrial water cannot be used, and less than 1 % is available for human
and animal consumptiorThis fact and its increasing scarcitiyie to thefast
growth ofthe populationglobally make the availability of goeduality water

a worldwide problem.

Water found in natureoften presents technical and economic challenges, as

it is easily contaminated with substances it comes into contact.\ilitie to

its ability to dissolve nearly any substance, natural water contains dissolved
minerals, inorganic and organic substances, dissolved gases, and even
microorganisms makingit impossible to use directly. So, water must be
treated to ensue it meets the standardjuality parametergo avoid public
health problems and the deterioration of distribution systemslandustrial
plants[2].

On the other handindustriesstand as primargeneratorsof pollutantsthat

end up in aquatic environments causinga huge ecological impact
Consequently, the treatment and purification of wastewater from industrial
processesare vital, not only to minimize the number of contaminants
discharged intadhe water but also for the proper maintenance of industrial

facilities and potable water distribution infrastructures.
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The water and wastewater treatment marksize worldwide in 2022 was
valued at almost 302 billion U.S. dollarsand is expected to reach
approximately 536 billion U.S. dollars by 2080d yet,studiesestimate that
only 52 % of thavastewaterproducedglobally(~360-16 m® yr?) is treated
The remaining 48 % is released to the environment untre§3gd
Thepercentage of \astewater colleatd and treaed is highly dependent on
the income levelof the region Theratio of treated wastewaterdecreases
with the income level, at 91, 73, 68nd 47% for high, uppermiddle, lower
middle, and lowincome countries respectively{4]. The largeswastewater
producers are theegionsof Asia £159-10 m® yr?), North America{67-10
m3yr?t), andEurope(~6810° m3 yr?) (Figure 1]5], [6].
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Figure 1 Wastewater productiorof everyregion in 2015 and prediion until 2050(data from
different sources Eurostat [6]; FAGAQUASTAT5]; Global Water IntelligenceGW) [7].
Source: World Urbanization Prospef3
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The World Health Organization (WHO) and the United Natlotexnational

I KAt ENSgéEund (UNICEF) estimatied2015that 2.1 billion people
worldwide lacked access to safe drinking wal@}. In 2021, the United
Nations (UN) started th8ustainable Development Goals (SDG 6) initiadive
ensure the availability and sustainable management of water and sanitation
for all by 2030.To achieve SDG 6 and other international watdated
commitments, UNWater is focused oproviding reliable data by monitoring
the progresq410].

Water can bepolluted with different substancesthat can potentially
contaminate natural resources and ecosysteliecoming a severe problem
when they enter the food chainThe followingsectionswill discussthese
LJ2 f f diypesysourras, and impactBhey will be followedy a summary
of the traditional andcurrent technologiesusedfor wastewater treatment

andthe latest advancem this field.

1.1.2.Types of contaminants

Water pollution carhavenatural or anthropological origgaNatural sources
comprise the weathering of rocks, volcanic eruptiomsacidicatmospheric
deposition among others. Anthropogenic sourcase derived fromhuman
activities such as agriculturand industrial processesThe mining industry,
metal processing chemicalproduction, textile, dyeing, paper, fopdnd
pharmaceutical industries are the ones that genersiigher volumes of
wastewater[11]. Domestic wastewater andnmanaged stormwater runoff
can contribute to the introduction of other contaminants likalts, heavy
metals, virusesand bacterig the release of fertilizers, pesiites and other
toxic chemical$12], [13](Figure 2)
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Figure 2.The most common different wastewater sources.

Water pollutants can also be categorized into three main types depending on

their nature: physical, chemical, and biological, as showFigure 3.
1.1.2.1.Physicapollutants

Theyare mainly sedimentsand organic matteras a result of soil erosion
These can be measurdsy severalwater parameters like color, turbidity,
hardness and total dissolvedsolids (TDS)that serve as water quality
indicators Turbidity isthe mainindicatorof suspended solid matter in water
High concentrationsand the accumulation offDSin water distribution
networksmaylead todeteriorationeventssuch as pipe corrosicandbiofilm

matrix formation which arerisks for utilitiesandhuman health14].
1.1.2.2 Biologicalpollutants

Theyincludeviruses,bacteria, parasitesand protozoansThe presencand
severity of pathogens in wastewatewill vary dependingon each region's
hygienic and socieconomic circumstancedn underdeveloped countries,
the concentrationof viruses, bacteria, fungand parasitesin wastewater

might be 10¢ 1,000 timeshigher than indeveloped countrie§15]. Diseases
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transmitted through wastewatecontaining biological pollutantsan induce
chronic and acute toxicity in human populations. Studies have indicated that
these illnesses contribute to premature mortality, particularly less

developedcountries.

Types of pollutants
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Figure 3Examples of pollutants commonly present in wastewater.

1.1.2.3.Chemical pollutants

The chemical industry has grown exponentially over the last few decades,
which has led to some drawbacks. The most significant is the massive increase
in chemical reagents that are discharged into the environm€&hé nature of
thesepollutants varies depending on the sect@ne of the primary sources

of chemical water pollutantsomes from the dyeing and textile industries
More than 100000 commercially available dyase reported[16], andover
7-10° tons of dyestuffare producedyearlyfor applicationsinvolvingdyeing
textiles, printing, leathering, andosmeticsAround 10¢ 15 % of these dyes
are discharged intdhe water during coloration processefue to their
chemical structure, dyes are resistant to degradation upon exposure to light,
water, and many chemicaldlost dyeshave mutagenic and carcinogenic
potential andcan causeseverehealth and ecological problenfer humars

and the environment[17]. Other emerging organic contaminants (EOCS)



1.1.2. Types of contaminants

include insecticides, pesticides, surfactanfharmaceuticalsand personal
care products (PPCPsPesticides play a crucial role in agriculture
safeguarding crops from pestdowever the improper disposal, runoff, and
leaching of these substances can result in their infiltration into water bodies,
posing significant threats to aquatic ecosystems and human hiaih

The pharmaceutical industryhas experiencedsignificant growth and
development in the last decadés a result, pharmaceuticals have become a
rapidly evolving category of pollutants that pose potential risks, as they tend
to accumulate in aquatic organismd9], [20] Ths category includes
analgesics, antibiotics, hormones, aother derivates. They are constantly
released through different sourcesuch as untreated wastewater from
industries, hospitals, domestic disposals, agticulture[21]. They usually
are present atow concentrations in aqueousedia(ngL?* ¢ > A!), making
them very difficult to detect and remove Pharmaceuticalsover around
4,000 molecules wittdiversechemical and biological propertiedlany of
theseactive moleculearemetabolizedn the bodyafter their administration,
but othersremainunaltereduntil excretion this beingthe primarysource of
these pollutants.Once hese contaminant®nter aquatic organisms, they
accumulatén the food chainresultingin their magnification.

Longterm exposure to analgesiasan affect enzymatic processesausing
intoxication of aquatic organismantibiotics on the other handattackliving
organisms' tissues and alter metabolite productiaturing metabolic
processes Altered metabolites make bacteria resistant leading to the
destruction of the immune system and hindeg the regeneration of cells
[22]. In the case ohormones their respective metabolites may cause DNA
damage when oveconsumed

Likewise the presence of heavy metal ions in aqueous solutionsésof the

major concerns.These elements are dife and bioaccumulativegausing
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adverse health effectsvhen entering the food chainHeavy metals exist
naturally inthe environmentasY A Y SN} £ a3 F2NX Ay 3 . LI NI
However, most enter the ecosystenthrough anthropogenicactivities from
industries like mining and smelting, industrial productipnand
microelectronts[23].

Some metal elements likarseniclead cadmiun, andmercuryare known for
their toxicity. These bkavy metals have beenreported to affect cellular
componentsandsomeare classified as carcinogemsadhas been related to
premature birth and mental disabilities in infarj#1]; cadmiumingestion can
causegastrointestinal tract erosion, hepatic and renal injygb]; arsenic
expogire can causeskin, lung, or bladder cancer in thengterm [26] and
mercury can causesevere effects, includinggastrointestinal toxicity,
neurotoxicity, and nephrotoxiciti27].

Even oher metal elementsessential fomany metabolic processesuch as
iron, manganese, copper, nickel, zinc,.ettan become problematiwhen
ingested atsignificantconcentrationsand even damage water distribution
systems(Table 1) Some dissolved iong.g, C&", Mg?*, Mr?*, and Fé&") are
responsible forcorrosion and fouling events in wastewatéltration and
distribution equipmentdue to deposit formation. Thisignificantly reduces
heat transfer efficiencyrestricts flow, and increasasperating pressure and

the likelihood of damage.

Tabk 1.Parametric values of metal concentrations in drinking water

Parameter Unit  Spain, 202328] Europe, 2020[29] WHO, 202330]

Aluminium  pg L2 200 200 900
Arsenic pg L1 10 10 10
Boron mg Lt 15 15 2.4
Cadmium ug L2 5.0 5.0 3.0
Calcium mg L1 30

11
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Chromium pg ! 25 25 50
Copper mg L1 2.0 2.0 2.0
Iron Mg L2 200 200 300
Lead pg L1 5.0 5.0 10
Magnesium mg L2 30 -

Manganese g L1 50 50 80
Mercury pg L1 1.0 1.0 6
Nickel Mg L2 20 20 20

1.13. Qurrent technologies for the removal @fater contaminants

It is necessary tearry outan effective water treatment procesto address
the challenge oensuringhigh-quality water Wastewater must meespecific
quality parameters bfore its dsposal or dischagginto naturalwater bodies.
This is even more criticah the case ofwater intended for human
consumption or irrigation purpose#ndustries are responsible for ensuring
that the wastewater generated during production processesl the overall
water used in their facilitiese(g, cooling towers, closed circuit§} safely
discharged to the environmenEurthermore numerous public entities [31]

and private companies are solely dedicated to wastewater treatment

In Spanish, wastewater treatment plants (knownEstaciéon Depuradora de
Aguas Residualew EDARare responsible foitreating contaminated water
to ensure its safeeturn to the environmentThe treatmentgenerallyinvolves
several stagesbeginningwith the separaton of large solids (e.g, sticks,
leaves sand through a sedimentation proces$ollowed by a secondary
treatment involving biological and chemical processegerformed by
microorganismsto remove biodegradable organic mattesuspended or
dissolved in the waterand advanced oxidation processes to remove
persistent organic pollutant€On the other handpotable water treatment

plants known asEstacion deTratamiento de Agua Potable or ETAP, in
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Spanishareresponsible for tredhg raw, non-potable waterto provide safe
drinkingwater for consumption.These plantsise coagulation, flocculation,
sedimentation, filtration, and disinfection technologies meet established
water quality standard$efore distribution.

The followingsections review the fundamentals of the water treatment

techniques mentioned above.

1.1.3.1.Coagulgion and flocculation

Coagulation and flocculation are essential in water and wastewater treatment
to efficiently remove organic pollutants and heavy metalat high
concentrationg32], [33]. Coagulation is a physichemicalprocessdesigned

to diminish the repulsive potential within the electrical double layer of
colloids It is achieved through using coagulants forming colloidal
microparticles and their subsequentaccumulationto give larger insoluble
particles or flocsFinal concentrations in the nanogram peetitange can be
achieved through coagulationCoagulantsinclude metal and polymers,
broadly categorized into aluminwmased and irorbased types
Aluminum-based coagulanteomprisealuminum sulfate, chloride, sodium
aluminum, aluminum chlahydrate, poly aluminum chloride, poly aluminum
sulfate chlorideandpoly aluminum silicate chlorid€@n the other handiron-
based coagulantgonsist offerric sulfate, ferrous sulfate, ferric chloride
sulfate, polymerized ferrous sulfate, and ferric salts with organic polymers.
Flocculations the process aénlargingand uniformingthe flakes under slow
agitation The combination of both processedisplays high removal
efficiencies predominantly chemical oxygen demand (COD), total organic
carbon (TOC), and suspended sd8dg. Compared to other water treatment
technologies, this technique showdvantagesuch asetter-qualitytreated

water, safer andmore stable operation, andower costs However, the

13
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separation of flocs either by sedimentationor filtration from the liquid
generateslarge amounts ofludges.In addition both proces®s require a
constantsupply ofvast quantities ofchemicals, and the bgroducts need

further treatment.

1.13.2.Sedimentation and filtration

Sdimentation and filtration are widely employed in drinking water
treatment as coseffective and efficient methods to separate dissolved
particles from aqueous medi&edimentation icommonlyusedto soften
water andremove impuritiedike phosphorusfluoride, arsenic, ferrocyanige

and heavy metalsFiltration allows the separation @lids from aliquid as

they pass through a porous medium, effectively removing particles such as
sand, gravel, oil, and f§85]. The flters can bemade ofvariousmaterial,
including quartz sand, granular activated carbon, anthracite, marhiag

volcanic tuff.

1.1.33. Oxidation and disinfection

Oxidation can beerformed at any stage ofthe water treatment process
Initially, it allows the oxidation of inorganic compounds (e.g, iron,
manganeseand ammoniun) and organic pollutantseliminating the taste
and smellandinhibiting algae developmenin the middle of the process, to
increase biodegradability before filtration on activated carbon & the end
of the treatment,ensuringwater disinfection before distributiorirhechoice
of oxidant dependson the sampletreated and theimpurities Theleading
disinfectants used in water treatment for drinkimgter arechlorine, chlorine
dioxide ozone[36], monochloraminesultraviolet radiation and potassium

permanganate.
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1.1.3.4.lon exchange resins

lon exchange is primarily used in the softening of drinking wateey are
alsousedto replacehazardous aqueous pollutants with harmless idies.
exchange is a process in which an insoluble substamesin takes ions from

an electrolytic solution and releases additional ions of the same charge
Resins argypically gels or microporous materiabtained bycopolymerizing
styrene and acrylates with divinyl benzene (DVB), ensuring linear polymer
structure crosslinkingThe polymeric structure is grafted with active groups
carrying permutable ions, which define the four types of redigggending on

the group grafted carboxylgroup (weakly cationig)sulfonicgroup (strongly
cationic) tertiary aminegweakly aionic), and quaternary ammoniurgroup
(strongly anionic) In anion or cation exchange process negatively or
positively charged ions are replaced witountetions from the polluted
water. Cationic resins arthe most favorablecomprisingweak basic resins
(carboxyl acid groupsind strong(sulfonic acid groupsNatural resins also

includeclays, polysaccharides, protejrsd carbon materials.

1.1.35. Membranetechniques

Amembrane is defined asd G KAy o0 NNASNI 2NJ FAEY GKI G
when subject to a driving foré437]. Membrane separationtechnologyis

based on using semipermeable membranesfor selective molecular
separation It allows the separationfgollutantspresent in watereffectively

providing excellenguality treated water without the addition of any
chemicals, with relatively low energy usend generatingless sludge.

Membrane techniques are the mosfficient, being one of the most utilized

in industries for water treatment processes. Membrane processes show
several advantagesompared to thetechniques mentioned abovesuch as

increased effectivenesap need forarge quantities o€hemicals, and no by
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products generatediuringthe processDepending orthe pore sizes of the
membrane,these can be clasBed into micrdfiltration (MF), ultrdiltration
(UF), nantltration (NF), and reverse osmosis (&3] (Table 2 Figure 4.

Tabk 2 Membranetypes andprocesses and essential properties.

Membrane . Operating Separation Transport
Pore size . )
process Pressurgbar) mechanism regime
Microfiltration O.Oﬁni 10 1¢5 Sieving Macroporous
Ultrafiltration 20nm50 5¢10 Sieving Mesoporous
Nanofiltration HR nm 10¢ 20 Slevm_g M Donna Microporous
principle
. <0.05 . T
Reverse Osmosis am 20¢ 80 Solution diffusion Molecular

Microfiltration
Ultrafiltration
Nanofiltration
Reverse Osmosis

Permeate

Raw water : ) i y 1_
g # R

u s /
anh
W/ Bacteria Monovalent salt ions
@  Suspended solids « Divalent salt ions
® Colloids @& Macromolecular matter
% Viruses M Small molecular matter

Figure 4.Schematic representation of the species retained in presslureen membrane

process for watetreatment technologies.

1 MF separationdepends on the sizexclusion mechanism or sieving
effect andon the membrane's molecular weight cuaiff (MWCO) andeed
particles.Suspended matter;olloids,pigments,bacterig and virusesn the
size range of 025 ¢ 10.0 >m can be successfully separated using MF
membranesThese membranesperate atappliedpressures between and
5 bars, arerobust show good mechanical strength, and are relatively

affordable.This technology oftetakes part in a prefiltration stageefore UF,
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NF, or ROThesemembranes quickly suffer from fouling events by microbial
cells and other particlesMIF membranes can be fabricated fromarious
materials, such apolyethersulfone, polyamide, polyvinylidene fluorider
ceramic. Depending on the materialthe membrane will show different
properties. Ceramic MF membranes exhibit higher mechanical strength,
leading to higher fluxes and longer lifetimes thaolymericbased MF
membranes.

1 UFwater treatment technologys mainly used to separate suspended
particles, colloids proteins, peptides,bacteria and virusesand other
contaminants within theL0¢ 50 nm size rangélhese membranes have mean
pore sizes between 2 50 nm and operateat pressures between 5 to 10
bars.Similar to MF, the separation mechanism governing UF is based on pore
size sievingthe membrane material and thehemical properties of the
surface aressentiafor the performanceand selectivityof these membranes
UFis generally preceded by MF and/or sand filtraticNonetheless UFis
unsuitable for removingesticides, nitrates, iron, manganese sulfate ions.

It can be implemented in drinking water treatments, wastewater treatments
food and pharmaceutical industries, and desalinatiol=: membranes also
suffer from foulingdirectly related to the membrane materiadgain ceramic
membranes allow easy disinfection but suffer from prompt fouliigny UF
modified membranes have recentlypeen reported to improve thie
performance and properties. For examplFaphene oxide (GOhas been
reported for the modification of UF membranes dueit® large number of
hydrophilic oxygen functional groupsvhich canendow membraneswith
excellent mechanical properties and stramgdrophilicity.The low cost 060
makes ita potential candidatdor the design and development aflvanced

membraneswith improved performancé39].
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1 NF technology is mainly useid remove highvalence salt ions,
volatile organic compounds (VOCs)olloids, bacteria, and any
micropollutantsdissolved in waterlts extensive applications include drinking
water treatment to demineralizingvater or wastewater treatment from
industrial processesNF membranes have pores with mean sizes etjuaf
below 2 nm Their primary advantage is that they can be operated at
significantly lower operational pressures than reverse osmosis alhieing
the obtentionof highquality and safe potablewater, making this approach
more affordable The separation mechanism in Ma combination of size
and chargesieving(Donna exclusion, and MF and/or UF can precede.it
Doman chargeexclusion alsoknown asthe GibbgDonnaneffect, refers to
the unequal distribution otharged particles (ions) across a semipermeable
membrane due to other nodliffusible particles on one side of the
membrane. The non-diffusible charged substance creates an uneven
electrical chargédetween the two sides of the membrantrcingthe ionic
speciego pass through the barrieit has been proved that monovalesinall
anions with high ionic charge dens{&) experience higher Donmaexclusion
than larger anions with lower ionic charge densitiesy, CF, Br) [40]. The
charge of the NF membrane also plays essentialrole in its exclusion
performance Given a negatively charged NF membrane, the rejection of
divalent anions €g., SQ?) will always bemore significantthan for
monovalent anions (§l In contrast, therejection of monovalent cations
(Na) ismore significanthan divalent ones (M) [41].

NFallows water softenindpy removingC&* and Mg?*. Thereforejt is suited
for highly mineralized surface waters that need to Iseftened. Its
applications areextensive from demineralizing water to wastewater
treatment from industrial processed&/any factors affecthe performance of

these membranesit depends both on the material of the membrane
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6a0NHZOGdzNEE GKAOlySaaxo I soncenBdtidn | & (K
presence of dissolved gasedogging power)These membranes are often
thin film nanocompositesnd can be fabricated with different structures
flat-sheet and hollow fiber configurationsPositively chargecdthin-film
composite membranes for NkRave been reportedoy the combination of
different polymers(e.g, L2 f & & dzf T 2 y S modifié2 Wwith brahahBdS X 0
polyethyleneiminefor selectiveseparation ofMg?'/Li?* [42], heavy metal
removal[43], or low-pressure water softeninf4].

$ RO is the most used water treatment technologytfar desalination
of seawater to produce potable wateFhe membranes usefdr RO filtration
have the smallest pores with mean sizes bel® nm.It can separate salts,
minerals, microorganisms, organic compounds, and other pollutants. Reverse
osmosis is highly efficieim removingup to 99 % of contaminants present in
water. RO technologyperates at high pressure@.g, 40 ¢ 80 bar for
seawater) significantly raisingts cost compared to the previous membrane
based techniques mentioned. The separation progedsased on reversing
the natural osmotic flow.
Most commercial RO membranes are made of polyamide following previous
methods via in situ interfacial polymerization ofaromatic polyamides,
particularly poly(arylene polyamine aromatic polycarboxylamides)like
poly(phenylene diamine trimesamide), fronmenomeric polyacyl halide (tri
or higher in acyl functionalitye.qg., trimesoyl chlorid¢ and amonomeric
arylene polyaminde.g., phenylene diaminge The interfacial polymerization
is carried out on the surface of a porous substrate, resultingsuitablesalt
rejection and high flux reverse osmosis membrfts].
RO filtration need several pretreatment stages, such ahemical
coaguation-flocculation, sedimentation, andMF, to ensure the best

performance of the RO membranes and avoid clogging and fouling. The
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treated water also needs a peROremineralization treatmento drinksince

RO removesgssential minerals like magnesium and calc{fimgure 5)

Pre-treatment

Reverse osmosis Final users
i ’-_.t‘-)
) Post-treatment ’
4 .' ! Storage
"RO racks . L
A a, g ' ~uf

J T
/

Seawater catchment

Brines management

Figure 5.Simplified dagram ofa typicalindustrial seawater reverse osmosis (RO) desalination
plant[46].

However, membrane technologies show certain drawbacks. Constant
backwashing is necessary to avoid system obstruction regular chemical
cleansing isessentialto remove materials that cause foulingeverely
affectingwater flow and transmembrane pressure. These problems may be
diminished by the performance of pretreatments in the previous steps of the
water treatment process, preventing these species from coming in contact

with the membranes.

1.1.36. Adsorption

Adsorption processes are one of the mgsbmisingmechanisns for the
removal of large concentrations of ioms molecules.The usage o$olids
(adsorbent$ for water treatment applications has been widely investigated

over the last decade# is a lowcost, efficient procesd®ased on the capability
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of an adsorbentmaterial to capture moleculegadsorbates)of gases or
solutionsthey are in contact with otheir surface.

Adsorption can be either physical (physisorption) or chemical
(chemisorption) depending on theadsorbent and adsorbate interactions

the case of physisorptigrvan der Waals forces mediate these interactions,
while covalent bonds and stronger interactions in the case of chemisorption.
The adsorption performance of an adsorbent \egisentiallydepend on is
properties, so the design arappropriate selectionf the materialarecrucial

In this sense, porous materials hayeat potential to be used as adsorbents
due to theirlarge porosity. When selecting an adsorbent, it éssentialto
consider several factorssuch asits specific surface area, the maximum
adsorption capacity, the recyclability of the materiahd its adsorption
kinetics

Throughouthistory, countlessporous materials have beemvestigatedfor
their potential use in adsorption processesThese adsorbents rangeom
simplenatural materials like woodnd clayto more complexsyntheticones
such azeolites[47], [48] activated carbon$49], andoxides[50], [51], [52],
[53]. Over the last decadeghese classic porous materials hagained
numeroustough competitors, agnany novel porous materials have been
developed Theseinclude porous organic polymergorous organic cages,
metalorganic frameworks (MOFs), dugovalent organic frameworks (COFs).
Many investigationshave focused on exploring and improvirigese newly
developed materialfor water treatment applicationdVOFs and COEghibit
flexible and ordered structures with large specific surface areas. Nonetheless,
MOFsindicatecertain drawbacks compared to COsis;h adimited stability

in water, which iscrucialfor this matter. In contrast, the latteare metatree
and stable in aqueous medimaking them advantageous candidafesthis

purpose Therefore, dudo their outstanding propertiegpermanent porosity
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owed to ordered and tunable pore structuresnd excellentchemical and
thermal stability, COFs represent a new clagsodéntial candidates fotheir

implementation in water adsorption treatmen{s4].
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1.2.Covalent organic frameworks

Covalent organic frameworksommonlycalledCOFs, werérst reported in
2005 byProf. O.Yaghi[55]. Theysuccessfully synthesizedOFL, a purely
organic polymeric material based on covalent boreaxygen bondsthat
exhibitedcrystallinity and porosityThese materials arnproducedby forming
covalent bonds betweewrganicmonomersor building blockghat extend
periodically in two or three dimensionSimilar tothe Lego® game, in which
monomer molecules auld be simplified as geometrical pieces that can be
bonded through their vertices to give ordered structures Since their
discovery varioustypes of linkagesnd building blockshave been reported
resulting indiversegeometries and potential applications for these materials

wideningthe scope of reticular synthesis.

1.2.1.Designof COFs

The structural design of the frameworks can be simplifiediibyalizinghe
building blocks as geometric shapes that can be linkiedthe vertices
(reactive groupsjo create infinite ordered structures of covalentlyonded
atoms. COFs can be tailored and designéda carte depending on the
monomers utilized Characteristics such as thatructure's geometry, the
pores' size and shap& dzy O (i A 2 Y Ipfesencérid asiiofax the type
of linkagewill be derived from theselected building block®ver 700 different
COFd56], [57] have been developedo date due to the vastvariety of

building blocksavailable

Twokeyaspectanust be considere@hendesigning a new CCOtRe network
topology (involvingdimensionality, geometry, pore size, and shapegl the

nature of the linkages.
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1.2.1.1.Topology

The fundamental aspect governing the arrangement of new COFs lies in their
topological design, which holds significant sway over thigitrinsic
properties COFgan bepre-designedbecausethe monomers dictate the
structural framework COFs utilize stegrowth polymerization to propagate
chains in either twe(2D) or threedimensiors (3D).Theycanbe classifedinto
these two categories onlgonsidering their dimensionality.

2D-COFsestrict the propagation of the covalent bonitsa planetendingto
form layered structuresThesdayersinteract via non-covalent forcessuch

I a-~ stacking, hydrogen borsland van dekWVaals forcespreventingthem
from being isolatedIn the case of 2D frameworks, only 8 different tyjpés
topologies have been reported: honeycomb lattice (&), square lattice
(sql) [58], rhombic [59], hexagonal lattice (hxI)60], hexagonal Tungsten
Bronze (htb)61], Kagame network (kgnip2], dual Kagame network (kgd)
[58], and fxt[63] (Fgure6).

On the other hand, 3D networks allow the formation of covalent bonds in alll
spatial directions, resulting in isotropic materials. The firstGGDF was
reported in 2007 by Hani M. HKladeriet al. [64], and since thepafew 3D
COF structures have been report@gtgure 6)Most of the reported networks
rely on tetrahedral nodes due to the difficulty of obtaining other types of
vertices e.g, octahedrg using organic molecules whopamarycomponents
are planar or tetrahedral carbon atonf85]. The 3D topologies reported so
far are dig[66], pts[67], bor, ctn[64], srs[68], rra[69], and kgd.
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Adapted from referenc§70].

1.2.1.2.Types ofinkages

Once the geometrynd the shapef the building blocks hae been selected

to give rise to theCORetwork, it isalsoessentiato pay special attentin to
choosing which reactiorwill be usedto connectthe monomers The
developed material's properties may be affected depending on the bond's
nature. This aspect isrucialbecauseonly covalent bondshat allow dynamic
formation will be adequatefor their use to prevent defectsand ensure the
obtention of crystalline networksAs illustrated in Figure 7he reversiblity

of thebonds is crucialo enable the selcorrectionof incorrectly formedinks

to givethe most thermodynamically stabkructure.
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Reversible reaction

0 9=00
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Defect healing
Figure 7.Schematic representation of therystallization mechanism correspoing to the

formation of imine COFsThe eversible COF formation by slow crystallizatigialds an
amorphous gel that then gradually crystallizise to aselfhealing proces. Adapted from

reference[71].

Depending on thechemical bond COFs can be divided inB;O linkages
(boroxine and boronate esterBN linkages(borazing, C=N linkage@mine,
hydrazoneand azine), €N linkages (imide, amide, y Rketbenamine)N=N
triazine linkags, and C=C linkage

The first COFs reported in 2009 Yagh{55] were synthesized by the self
condensation of boronic acid into boroxine linkages (@pPFand
condensation of boronic acids with catechols into boronic esters 8)OF

(Figure 8).
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Figure 8 Timeline ofsome of the most commonly usdidkagesn COFsynthesis.

Since thenmany COFdased onboronic estershave been reportedand it
has become one of the most common varietiEgyured). Materials based on
this bond show exceptional thermabktability (up to 600 °G. However they
are highly susceptibleo hydrolytic decompositiordue to the empty orbital
of the boron,hindering thér useunder moisture or ambientonditions[72].
Another type of COF containing boras based on borazindonds first
synthesized in 2017 3].

Boroxi ne Boroni ester
OH L

3|—E —_— 9 9 B — i—B
OH B..B

Borazine " Spiroborate

LB ,(N,B\N)\ some ! 0 o
e ——— 1 1 + e R 1, B-
l—NHz HB\N,BH l \OH 3 d *0
-

Figure 9Borong oxygen and borom nitrogen linkages.
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An alternativeto boroncontainingCOFs was ported in2008[74] based on
C=N bonds by cyclotrimerizatiarf nitriles. These frameworks possessed
robust structures with high thermal and chemical stabilitidéhough the
harsh synthetic conditions involvingnothermal procedures constrained
their interest. A significant advance @OFsvas the development of imine
based COFs in 2009 by Yaght coworkers[66]. This family of COFs is
synthesizedria condensation between an aldehyde and an amine and does
not need harsh conditions; theyan beprepared undesolvothermalor room
temperature conditions These materials showood thermal and chemical
stability and favebecomeone of the most used strategies for the obtention
of COFslue to the wide range of aldehyde and primaaynine monomers
available

There are several morexamples of €N bondsin COFssuch as hydrazone
[75], azing[76], [77] or squaraing78] linkagegFigure 10)

Amongimine bonds, there isa remarkable example that is very interesting,
the b-ketoenamine bondBanerjee and cavorkerswere the first to report
this kind of likkage[62] in COF chemistrj79]. Thisphenomenonoccursin
two steps first, the condensation of 2,4,6trihydroxy1,3,5
benzenetricarbaldehyd€Tp) with an amine in a reversible reactioithis
linkagehasatautomeric equilibrium between the enainine and keteamine
tautomers and the favorable displacement of th equilibriumtowards the
latter isomerin an irreversible reaction loskhe bond.This variation of the
imine linkagegrants the final material excellent chemical and aqueous

stability sincehe keto-enamine group is less reactive
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Figure 10Most commoncarbong nitrogen and carbon = nitrogdinkages

Besides the abovementioned bonds, there @@nme remarkable ones. In
2013 Wuest andco-workers reported a COF based on alioxy bonds
formed via dimerization of nitrosogroups [80]. These N=N linkages are
particularly weak and labile and, therefore, reversible which allowed the
growth of the first COF single crystahlthoughthe material showed non
permanent porosity.

Thereare alsoexamples of C=kionded COF3S he first was reported by Feng
et al, where afully sg-bonded COF with excellent stability due to its fully
covalent structure was developedvia the Knoevenagel reactionThe
procedurewas carried out itwo steps firstly, the nucleophilic attack on the
carbonyl groupwhich is aeversible step, followed by the dehydration and

the irreversible formation ofthe doublebond[81].
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1.2.2. Properties of COFs

1.2.2. Properties of COFs

COFs sharsimilar characteristics with theirmetalorganic counterparts,
MOFs, which have been studiedmore extensivelydue to their earlier
discovery.Still, severalspecificproperties of COFsare worth highlighting,
including their very low densities derived from their formation based
exclusively a light elements such as boron, nitrogen, carband hydrogen
Compared toMOFs which contain heavier metal ionsAnother difference
arises fromthe type of the bond the reversible nature of coordination bonds
found in MOFs easily yields highly crystalline framewdwesanwhile, the
strength ofcovalent bondsconfersexcellentthermal and chemical stability
to COFs

A material must possess three main properties to be considered a COF

crystallinity,porosity, and stability.

1.2.2.1.Crystallinity

Crystallinity is the defining feature oOFs distinguishing them frorthe rest

of conventional organic polymers. While COFs share the polymer structure,
they are unique due to their building blocks containfng or morereactive
sites.The majority of the unique properties of a COF material originate from
their structured arrangement. Comprehending the factors governing the
longrange order in COFsdsticalto desigringala cartematerials due to the
large variety of possible building blocks anddigés.

Several factorgirectly affect the crystallinity of COFs. First, covalent bond
reversibility is crucial, as it allows the correction of deféatsed duringthe
polymerization process. Furthermore, the choice of building bldcksuding
their solubility, geometry, and functionalizatien,significantly impacts
crystallinity. For instance, introducing hydroxy groups in intiased COFs

enhances stability and crystallinity through hydrogen bond interactions,
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promoting the planarization of the framework and reducing interlayer
repulsion[82], [83] The planarity of the selected building blocks also p&ays
vital role in achieving crystalline structures,dsng et al. [84] demonstrated
who compared three different nitrogemich COFs.

In 3D-COFs, where the network's expansion relies solely on covalent bond
formation, achieving highly ordered materials becompasssible when
nucleation is controlled and reversibility is sufficiently high.

In the case o2D-COFs, nowovalent interactions play a crucial role in the
longrange order of the frameworks. Within one layer, the polymerization
propagates in two dimensiongia the formation of covalent bondsin
contrast,the growth in the third dimensiomelieson noncovalent forceslike

~ -~ stacking.Achieving ordered stacking in ZDOFs is difficyligiven the
energy needed to separate large sheethis igdue to thelargeamount of
weak forcesnvolvedimpedingthe selfcorrectionmechanisrin the stacking
often leading to imperfect stacking sequences resembling eclipsed AA
stacking.

The primary technique toverifythe structure of a crystalline materielsingle
crystal X-ray diffraction (SXRD)However COFs arearely obtainedin the
form of singlecrystals.Instead, COFare usuallyacceped as polycrystalline
materials It wasnot until 2017 that the first singlerystal Xray diffraction of

a 3DCOF was reported85]. Therefore their structure is commonly

elucidatedvia powder Xray diffraction (PXRD).

1.2.22. Porosity

Another intrinsic characteristic of COFs tleeir permanent porosity. The
porosity of COFs is usually evaluated by nitro@éhadsorptiondesorption
isotherms at 77 KThe pore sizesary from micropores to mesopores (0.46

nm[86] ¢ 5.3 nm[87], [88), and thesurface areasan extend to nearl$,000
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1.2.2. Properties of COFs

m? g [89]. Typically COFs caexhibit variousporosity levelsdepending on
their structure. They range fronmicroporous (pore diameters below 2 nm,
Type | isothermsjo mesoporous (pore diameters@50 nm, Types|V and V
isotherms) materials.

Achieving tlis level of porosity relieaot only onpore engineeringout also on
optimizingthe activation procedureThe activation step in these materials is
critical to ensure the structure does notllapse and the pores remain intact
after removing any guest moleculésside The most commdwg reported
activationmethod involvessolvent exchange andctivation under reduced
pressure atelevated temperatures. More sophisticated techniques have
recentlybeendescribed includingsupercritical carbon dioxidescCQ) drying
reactors This techniques based ora threesstep procedurewhere thedamp
COFis previouslyplacedin a dialysis membranand introduced in thesacCQ
reactorchamber First,the solvent isexchangd with liquid CQ, soit must be
miscible with C® (e.g, ethanol, methanol).Once the solvent has been
completely exchanged, themperature isgraduallyraised to 40 °Cntil the
pressureinside thechamberreaches~85 bar ¢beyondthe CQ critical point

to ensureits supercriticalfluid statec. Finally, thescCQis slowly evacuated
from the reactor leaving theporous/ h CQa & (i NHnOprelzamihg ih y G I O
from collapsing.

The pores of thesematerialscan be tuned tdavor the affinity towardsother
gasesapart from nitrogensuch as hydrogeor carbon dioxideForexample,
hydrogen storageat room temperaturecan be achievethy preparing COFs
with very smallporesto enhance H porosity [89] or by adding palladium
nanoparticledo the structure[90]. Carbon dioxide endows polar C=0 bonds

and an acid naturesoincorporating functional groups in the pores that can

form dipole or even acibase interactiongs Af f Sy KIFyOS (GKS [/ hcC

towards CQuptake.
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The importance of porosity in COFsci#tical not only for gas adsorption
purposes but alsdor water remediation applicationsind catalysis Pore
surface engineering allows the incorporationroétals orfunctional groups
within the pores improving their selectivity towards specific molecules or
ions. This approach enablpseparinga broader range of more complex and

diverse materialsvith enhanced selectivity.

1.2.23. Stability

COFs are inherently stable materials, both thermally and chemically,
comparedto conventional polymers and MORdnder inert conditions, they
can withstand temperatures ranging from 300 to 530 [91], and their
chemical stability varies depending on their chemistry and linkagjgs.
choice of the linkagein COFs impacts their chemical stability and crystallinity.
While robust bonds enhance chemical stability, they may affect the
reversibility of the polymerization process, potentially leading to reduced
crystallinity. COFdased ornboronate ester linkages are prone to hydrolysis
In contrast,nitrogenbased COEFsuch as imine, hydrazine, or azibased
COFgemain stable even under harsh chemical ditions, although they can
eventually be hydrolyzed.

Materials preparedvia two-step synthesiamethods with an irreversible
second stepysuallyshow more stability. This wathe reversibility of linkages

is retainedwhile achieving both crystallinity and chemical stabilithe nost
common reactions for this approach include Knoevenagel condensation,
0SSyl 2ELl 1 &kétdhrine Znkdgebased COFsTautomerization of
linkages into more stable bonds, such as eteib tautomerization in specific
imine COFs, can also enhance network staljdizy, [93]

Another method involves introducing hydroxyl groupsheh position to the

aldehyde groumf the building block94]. Ahexagonal ring is formed where
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the proton of the hydroxy groups interactsa a hydrogen bond with the
imine nitrogen Generally, chemical stability can be strengthenby
reinforcing interlayer norcovalent interactions such as hydrogen bonding

' yR O2 YLX Sim&attiohsNI5]. Nitrogenbased linkages like
covalent triazine frameworks (CTFs) display exceptional chemical stability

towards hydrolysislue to the formation of triazine unit®6].

1.2.3. Synthetic procedures

Considering theabovementioned aspects, the final step is synthesizivg
COFThe synthetic route must be selected depending on the building blocks,
the linkage ty, thedesiredpore size and shape, the functional moieties, and
the final application

The great majorityof COFsreported have been synthesized under
solvothermal conditionsThe reaction is carried out in a sealaex tubeby
dissolving the monomers in a mixture of solvents and adding the
corresponding catalyst, followed by sealithge tube. The mixture ideft to
react at high temperaturegclose to 120 °Cjor the time neededusually
several days. After thathe solid is isolated, washed to eliminatereacted
monomers, and dried and activated yield the COF powdeln most cases

the mixture of solvents for the preparation infiine andb-ketoenamineCOFs
involvesa combination ofp-dioxane and mesitylen& a specificratio and
agueous acetic acid (AcOH)tas catalyst Other solvents, like mixtures of o
dichlorobenzene with #butanol, arealso common.

A significant breakthrough in synthesizing COFs has been their obtention at
room temperature. In 2016, Zamora and-aorkers reported a new room
temperature synthesis of an imiAgased COF using glacial acetic acithas
solvent and catalyst of the reaction [13}ariationsin the type of catalyst

have also been reported, like switchifrgm Brgnsted acid catalyst to Lewis
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acid metals like scandium(lll) triflate. In 2017, Dichteland coeworkers
synthesizedan iminebased COF within a few minutes at room temperature
using this catalystin a loading below 0.02 equivalents, yielding highly
crystalline and porous materia]87]. Similarly,usingp-toluenesulfonic acid
(PTSAboth asthe catalystandatemplate was reported bfBanerjee anao-
workersto prepare a dozemifferent COF498]. PTSAacted asa molecular
organizerby forming lamellar salts with the amines used asnonomers
thereby creatingegularly spaced aminesulSsequently adding the aldehyde
replacedthe PTSA molecute form the network within a minutesesulting in
ultraporousand highly crystalline materials.

Different strategies involve modifyinthe reactvity of the starting materials
by cappingone of the amines fronditopic amine monomes with tert-
butyloxycarbonyl (Bogprotecting groups. Upon the reaction othe amine
with the aldehyde small soluble oligomers capped with Boc groupare
formed. The gradual removal of theprotective groupsinduces complete
network formation, allowingthe obtention of COF nanocryss499].

Alsq ionic liquidscan beused as solvents for imiAgasedCOF synthesisn
this casethe ionic liquid acs asthe solvent and catalysand can be reused
without activity loss This approach yieldsghly crystalline material&ithin
minutesat high concentrationsThe main drawback of this procedure is the
difficulty of eliminating the ionicliquid from the pores of the CQEOQQ].
Alternatively in 2013 Banerjee and cavorkers reported a solventfree
method involving the mechanochemical synthesid b-ketoenamine COFs
[101], which was laterapplied successfully for the synthesis of imbased
COF$102]. In this procedurethe monomers are ground on a mortar form
the COEWhile this methodfeatured somebenefitssuch asco-friendliness,
ea® of operation, and feasibility for scalep synthesisit alsohad some

drawbacks, likenoderate crystallity andlimited porosityof the materials
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Figure 1. Schematic procedure for the preparation of diked COFmaa linker exchange

approach Adapted from referenc§l05].

Recentlyalinker-exchangepproachhas gained significance as a method for
syntheszing more complex materials that cannot be achieved throdgh
novo synthesis[103]. This procedure involvemodifying a simpler network
that acts as a templater parent entityby exchanging monomerwithin the
parent COWiadynamic reorganization of theovalent bonds, resulting in the
in situCORo-COF transformationrhismethod has beemainly developed

in imine-based COFs due to theversible nature of this bondih 2019 Ditchel
and cdleagues synthesize b-ketoenamine COFs¢hrough this strategy,
yielding materialswith superiorcrystallinity and surface areasomparedto
typical condensatiosyntheseg104]. In particular Zhouet al. obtainedtwo

azolinked COF$y transformingtwo imine-linked parent COFgFigurell).
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Theazo-COFsleveloped showedistinct properties from their corresponding

imine-linked precursors, indicatindpe unique propertesof azo-COF$105].

COFs can also be obtained as colloids and nanosttedtdiation is the most
commonly used procedure to isolate a single layer in&@@redmaterials.
This technique is of interest because the properties of a single layer differ
from those of the bulk material. The most wkhown example of this is the
comparison between graphene and graphitéxfoliation is a tofown
approach to obtain a monolayer or felayered materials from the bulloue

to the more vital intralayer forces, covalent bonds, compatrethe interlayer

interactions,” -~ stacking, in the COF, the separation of the layers can be
achieved by applying energy in the form of ultrasounds. Liguiase
exfoliation (LPE) has been reported for COFs using different solvents,
including dichloromethane, chloroforrfl06], water, dioxane, or methanol
[107]. An essentialdisadvantage of this approach is thember of defects
created in the ultrasonication process. The exfoliated COF can either be
transferred to a substrate or can be directly used in suspensioweverthe
stability of these suspensiorsan sometimeshe a problem since most of
them are stable only for several minutedternatives for the preparation of
colloids using different techniques have been investigated to solve these
problems. Bottoraup approaches have been reported to prepare stable

colloids of COF nanoparticlg08], [109]
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Figure 12.(a) Schematic representation of the synthesis of colloidal TBPBA COF
nanoparticles in water.b) Photograph of the transparent reaction mixture) Synchrotron X

ray differential diffraction data of the reaction mixture containing TAIREA COF

nanoparticlesAdapted from referenc§l10].

In 2020, our research group reportegreparing aqueous colloidal
suspensionsf sub20 nm crystalline imindbased CORangparticles at room
temperature This was achievedlsing micelles, consisting of a cationic and
anionic surfactant mixturethat act as nanoreactors where the condensation
takes place insidérigure 2). This allowed precise control over the growth of

the COF NPs, yielding the smallest size reported, 1BLh6j.
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1.2.4. Functionalization

The countlessframeworksthat can beformed due to thewide variety of
available building blocks and types of linkagesrendbeen mentioned
throughout this chapter However, introducing a specific functional group
into the network is desirable for certain potential applicatioAsmentioned
before, complex networks cannot always be achieved by de novo synthesis,
so modifyinga simplerpre-formed COFcan sometimesolve these problems.
The functionalization ofin already synthesizeghaterial is known as post
synthetic modification (PSMJ)t canbe performed byintroducing a specific
functional moiety or modifyinghe linkagewithin the parent COFFL11], [112]
One very extended approach to pesgntheticallymodifying COFs is the
incorporation of metal ions to introduce metalactive sites for catalysis
applications.The crystalline natureof COFs with the uniformly distributed
organiclinkersand the strong coordination between these organic ligands
and metal iongllowthe metalation of the networkdMlany metal atomssuch
asCa[113], Sr[113], Ti[114], V[115], Mn[113], [116] Fe, Cd117], Ni[89],
[116], Zn[116], Mo [118], Rh[119], Re[120] and Ir [121], have been
incorporated into COFs through PSMith salts of inorganic ionsaking
advantage of the metdigand interactionin 2Dimine-based COFEslue to the
coordination ability ofthe nitrogen, metals can be introducdmbtween two
layers.Dinget al. incorporated Pé&" through PSMo yield Pd/CORLZU1 t,
which waseffectivelyusedin the catalyss for the SuzukjMiyaura coupling
(Figure B) [122]. Networks containng building units with coordinating
groups in thea position of the aldehydelike in the case ob-ketoenamine
COFgnaybe modifiedusingmetalationtechniquego effectivelyincorporate
ions includingCuf* [123].
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Figure B. Construction of COEZU1 and Pd/C@AFZUL. (a) Schematic representation for the
synthesis of COEZU1 and Pd/C@EZUL. (b) Proposed structures of @@®J1 and (c) Pd/COF
LZU1, possessing regular microporous channels (diameted & nm), simulated with a 2D
eclipsed layeregheet arrangement. C: blue, N: red, and brown spheres represent the

incorporated Pd(OAg)Adapted from referenc§l22].

In addition tometalation,there arenumerous other procedure® introduce
functional groupghrough various stepsForinstance whenincompatibility

or instability of aparticulargroup under CORormation conditionsrequires

the PSM to beperformed in two steps. Firstthe functionalization of the
building blockwith groups thatdo not hinderCOF formation angermit the
integration of the desired moiety. Huang et al.incorporated diverse
functional groups(e.g, alkyl chains, esters, alcohols, carboxylic acids, and
amines) (Figurelda) in an iminebased COF containinglkyne pendant
moieties in the poreshrough porewall surface engineerin24]. The PSM
followed a opper(l) catalyzed azidalkyne cycloaddition(CuACCXxlick
reactionbetween the alkyne and an azide group to obtain 20 different COFs
for CQ capture and separation applicationst was found that COFs

functionalized with amines showed the best performance due to the solid
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acidbase interactions with GOcompared to the lower capacities obtained
for COFs with alkane chains (Figu4c). In general, imindbased COFs
present more affinity towards acidic gasses due toghgentiahature of this

linkage.
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Figure 4. (a) Schematic opore surfaceengineering ofimine-basedCOFwia click reactions
(b) pore structuref the COFs witlthe differentfunctional groups (Qgrey, N: blue; O: red).
(c) Grbon dioxide adsorption capacity of the COFs at 273 (red) and 1AHapted from

reference[124].

The use of PSM toprepare COFswith improved affinity towards water

pollutantshas beerthoroughlyreported for their potential implementation
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in water remediation In 2018 Sun et al. synthesized a amidoxime
functionalizedmaterial by modification ofa nitrile-functionalizedprecursor
via treatment with hydroxylamine in methanol to afford the GOpDBAO.
The COFwas ableto remove uraniumfrom contaminated water samples
reducing the concentratiofrom 1 ppm to less than 0.1 ppb within several
minutes thanks to the accessibility of theell-oriented binding sitesin the
1D channels which facilitatedthe interaction of amidoxime groupswith
uranium specie§l25].

In the same year, Dichtel and-e@rkersreported theintroduction of amine
moieties into the pores of an imindbased COFoy reducing azide
functionalizedethylene glycol chaingresent in the parent networkvarious
COFs with different azide molar ratios were prepargéo[N]-COFgX%=
azide loading) and subsequently reducedwvith triphenylphosphinein
methanolto the corresponding X%[NHCOFsThe 20%[NE-COFexhibited
the highesttapacitytowardsanorganic micropollutant2-propoxypropionate
(GenX, at high concentrationsMeanwhile, 28%[NH]-COF displayed the
most rapid and the highest uptake of GenX and diRers per- and
polyfluorinated alkyl substance§PFA¥P at environmentally relevant

concentrationg126].

1.3. Processability of COFs

Despie the remarkable properties highlighted previouslyand their vast

potential fornumerousapplications COFs cannot commone employedas

they are synthesizedlhus COFs mudte proces®d to be suitablyshaped,

placed, and oriented according the targettechnologfpd@ a LISOMFA O y SSK
addition to theirinsolubility,they exhibitpoor dispersibility and low substrate

adhesion severely hinderingtheir processability. In recent years many
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studies have cemted onshaping COFsesulting in numerous advances in
this field[127].

1.3.1. Engineering lsaping

The most straightforwardway to processCOFsvould beto shape the as
synthesizedsolid powder as pelletsGiven thelow mechanicatesistance of
COFs the material's crystallinity and porosity could be compromised
depending on the applied pressurdf the applied pressure is carefully
controlled, it canyield COF pellets with retained crystallinity aalignment of

the layersparallel to the flat surface area of the peliatthe case of 2ECOFs

More sophisticatedstrategiesfor obtaining COF objects without additional
support have recently beetinked to novel synthetic procedured 28]
According toBanerjee and ceavorkers, the firsexampleof molding COFRsto
macroscopic objectwasachieved bysubjectinga b-ketoenamine COF, TpPa
1, to a procedure analogousto the ancient terracotta process[98]. This
involvedmixing the amine building block witittoluenesulfonic acid and the
subsequent grounding with the aldehyde and a small amount of water to
create a dough thatafter baking resulted in an ultrgporous and crystalline
material. The method allowed the usage of molds shape the douglinto
centimeter-sized COF piecgbigure ba). The same group later reported a
similarprocessin whichthe catalystwas mixedwith sodium bicarbonateo
produce constanteffervescenceof CQ. Thisallowed them to synthesize
hierarchically porou€ OFoamsvia a gasfoaming techniqueDisordered3D
nanostructureswere constructed from 2D layered crystallites give COF
foams where both micropores and macropores coexistsynergistically
favoring fast diffusion of guests through the interconnected pore network

helping ultrafast adsorption of pollutants from watgr29].
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Figure 15(a) Representation of COF processing into sculptuiethe terracotta process(b)
Representation of CORollow tubes and cylinderfabrication using the terracotta technique.
Adapted from referenc¢98]. (c) Representation of the synthesis and 3D printing of €&
foams. The mixture of COF precursors, water, and graphene oxide forms a hyaseddbr
3D-printing. (d) Spacefilled model of TpBD COR)(X-ray microtomography of 3fprinted
TpBD foamShowingthe presence of macropores in the GGP foam(e;) a SEM image of the
TpBD foam monolith,displayng the macropores in the matrix; andej) graphical
representation of the macroporous foartf;) Photographof a 3D-printed selfsupported nine
pore COFGO foam gridSze of 2.3 x 2.3 cnff;)) Graphical representation of the nirpore
COFGO foam gridAdapted from referencg130]. (g) Representation of the COF aerogel
synthesis using TAHBICAAGCOF as a representative example of a macroscopic aerogel

monolith. Scale bar: 0.5 cm. Adapted from refere{ica3].
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The addition of graphene oxide (GO) as a foaming agent to create disordered
macro and mesopores in CQO foams was also reporteligure 15g). This
allowed the 3D printing of CAEFO robust objects to remove organic and
inorganic pollutants from watef130]. The addition of other types of
materials has been reported for the obtention of hierarchical 3D COF
macrostructures, such as reduced graphene oxide (fG8%)] and Pluronic
F127[132].

Followingthe researchto introduce hierarchical porosity in CORs2021,0ur
research groupdeveloped a novel procedurefor the obtention of
macroscopic ultralight aerogel monoliths of COrereactionwasconducted
under mild conditions, usin@nly glacial acetic acid as the catalyst and
reaction solventto form a COF gel immediatedy room temperaturgFigure
159g). The synthesis was performedthin a mold and theshape wasetained
after soft activatiorthroughscCQdrying affordinga COF monolith featuring
micropores, mesoporegand macroporeswhich performed with outstanding

efficiencytowards tolueneremovalin water[133].

1.3.2. Thin films

The preparation of COF thin filmbias commonly been associated with
electronic applications Nonetheless the growth in environmental

consciousnesshas raised the researchinto thin films for separation and
filtration processes.

Thin films can either beselfstanding or supported on aubstrate. The

LangmuicBlodgett (LB)nethod is a potentialprocedurefor fabricatingCOF
thin films with large dimensionsind tunable thicknesseat the molecular
scale(Figurel8e). The obtained film can be transferrehto diversesupport

surfacesln 2018, Shindet al.reporteda synthesisat the waterair interface

of the firstcrystalline 2BCOF membraneith a thickness equivalen 4 unit
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cells. The formation of the b-ketoenamine linkagebetween P and 9,9
dihexylfluorene2,7-diamine bok placeon the surface of the watehrough
the compression of the surface layefter the addition ofthe catalyst,
trifluoroacetic acid TFA) The resulting thifilm was deposited onto porous
support of anodic aluminum oxide anturther tested for organic solvent
nanofiltration thanks to its notable permeabilify34].

Thin film syntheses of COF at the liquitlquid interface have been more
extensively reportedT hereactioninvolvesaninterfacial polymerization (IP),
an approactwidely usedo preparepolyamides and polyester thin fisrdue
to its scalability and the possibilitp produceselectie layers (from 50 to 250
nm) with outstanding permeation to wate(Figure18d). Banerjee and co
workers were pioneers ipreparingfree-standing iminebased COF thin films
at the waterorganic interface at room temperature [135] The
polymerization took placat the dichloromehane-water interfaceinvolving
the amine with p-toluenesulfonic acid (PTSARIt as the catalysiand
substitute of free amine in thaqueougphase andhe aldehyde in the bottom
organic phasé€Figurel6). The formation of thenangorousdefectfree thin
films was followedvia scaming electronmicroscopy $EN), revealingan
initial phase of fiber formation, followed by tir@assemblynto sheets to yield
the film[114].
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Figure B. (a) Schematic representation of the interfacial crystallization process used to
synthesize thé'p-Bpy thin film.(b) Proposed mechanism of the COF thin film formatiof) (c
SEM images of materials obtained at different stages (fiber formation, assembled fibers, and

sheet formation) of thirfilm formation, respectivelyAdapted from referenc§l35].

Similarly, Dichtel and colleagues reported #yamthesis of largarea(several
cn?), contiruous selfstanding COF membranes with tunable thicknesses
from 100 >m to 2.5 nm. For this, both monomers, 1,3fbis(4-
aminophenyl)benzenéT APBand terephthalaldehyd¢PDA) were dissolved

in the organigphase whilea Lewisacid catalyst, Sc(O3,fivas dissolved in the

agueous phaseThe obtainedTAPBPDACOF thin film wagansferred onto

47



1.3.2. Thin films

polyethersulfone (PES) supports to be tested in dye removal from wastewater
[136]

To avoidthe difficulty of transferring the thin film layer teupports Marifas

and ceworkers grew multactive layers of COF (1, 3, and 6 layers thickness
10 nm per layer) through IP 8DAand TAPBnonomers near the surface of
aPESultrafiltration membranesupport.First,acertain amount of amqueous
solution containing the catalyst,Sc(OTf) was added on top ofhe PES
support, followed bycarefully addinghe monomersin a mixture of organic
solvents. Aftethe IP, the solvents were removed by suction, and the thin COF
film was deposited directly otthe support[137].

Wanget al.developed a new methodolodyased ornPto carry the formation

of the active layer directly on th@olymeric substrate (Figure 17). The
synthesis was under mild conditions and consisted of the impregnation of a
polysulfone(P3J) support first with a solution othe aldehyde Tp dissolved

in n-hexane and later with ra aqueousacetic acidsolution containing the
amine, p-phenylenediamine (Pa)The permselective TpPa/REcomposite
membraneswere obtainedafter 1 minute reaction138]. This method was
recently used by Set al. for the synthesis of COEZU1/PES composite
membranes for dyfsalt separation processes withxcellent rejection (89%)

for dyesand very low rejection for ion salts (< 12 [#39].
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Figure 7. (a) Schematic illustration fareparingthe TpPa/P8 composite membranesia IP.
(b) Physical appearance of thegmthesized TpPa/RRomposite membraneAdapted from

reference[138].

Another strategy for thepreparation of CORhin films on top of substrates
was designed by Wang and ceavorkers. The procedure known as
unidirectional diffusion synthesisvolvesusing a diffusion cell divided into
two partsseparatedby the porous supporiFigurel8b). One of thesides of
the diffusion cell contains onmonomer, while the other COF precursor and
the catalystare located inside the other. The unidirectional diffusion flow
occurs due to the concentration gradient or tisebstrate's permeability,
causing theformation of a thin COF filrfl140]. Following thismethod, they
fabricated a TpPa membrane onto a (polyvinylidene fluor{@&)DFporous
support Anaqueous solution with the catalyahd the aminevaslocatedon

one side of the diffusion celindthe aldehyde im-hexane wa®n the other.
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1.3.2. Thin films

The diffusion ocauwed sincethe amine moleculescould pass through the
PVDF support and react witihe aldehydemolecules to give rise to the
TpPa/PVDF membrane.& thin filmsexhibitedexcellentperformances for
dye removal thanks to the excellent adhesion between COF layers and
support Later,these authors applied a secondary growththis procedure

to obtaindefectfree Tp-HzCOF thin films for desalinatigh41].
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1.3.3. Membranes

In the pursuit of searching for alternatives to thexisting polymeric
membranes employed in water treatmeand gas separation technologigs
various methods have beereported for the preparation of COFbased
membranes. Thesapproachegan bedividedinto different categorieshased
on whether theCOHRs depositedon a surfaceife. porous suppot}, as aself
standing membrangor as a hybrid membranghere theCOF serves as a filler
of a polymer matrix, resulting in mixed matrix membrar{®MMs) or thin
film nanocomposite (TFN), which consistof an active layer of polyamide

(PA) £100 nm thickness) otop ofa poroussubstrate

Membranes can be prepareda different methods. Generally, the COF is
supported on the surface of a polymeric substrate in the form of a layer. This
can be achieved bn situgrowth of the COF directly on the selected surface
as Hao et al. first reported in2014 [142]. This method first involved the
functionalization and modification of the surface of a porauahO; support

with 3-aminopropytriethoxysilane (APTES) anébémylphenylboronic acid
(FPBA)BY dehydration reaction between the boronic acid on the surface and
the building blocks, a C&membrane formed under microwave conditions.
Similarly Fanet al.[143] prepared an imindinked COf.ZU1 membrane with
400 nm thickness on theuter surface of a modified-ALOs ceramic support
byin situsolvothermal synthesis a Teflon tubéFigurel8a). This membrane
had excellent watepermeanceand rejection rates of more than 90 % for
various watersoluble dyes

Polymericsupports havealsobeen exploredn the preparation of CObased
membranes In 2019 Panet al. [144] reported the growth of a continuous

imine-based COF TpHalayer on a functionalizedpolyacrylonitrile (PAN)
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1.3.3. Membranes

under room temperature conditiong hese supporteequire mild conditions
are cheaper and easier to handlen alumina.

Another approachior preparing COF membranes directlyspecificsupports

is viathe vacuumassistedselfassembly methodqFigurel8f). Previous steps
like chemical or mechanical exfoliaticommonly involveobtaining2D-COF
nanosheets from the bulk materidlhe vacuum filtration ofhese nanosheets
resultsina COF membrand@he mechanical stabilitygf the membranesends

to be poordue to the weak -~ interactions between the COF nanosheets. In
2019 Yanget al. prepared a series of C@bmpositemembranes fronthe
mixingof 2D-COF nanosheets and 1D cellulose nanofibers (Cidlfayed by

their vacuum filtration on golyacrylonitrile PAN substrate(Figure 19a)
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Figure 19(a) Shematic illustration showing the vacuudassisted selhssembly and the mixed
dimensional nanostructure(b) Surface SEM image of the TpTGCI@GNFAN membrane
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Chapter 1. Introduction

CNFs were well integrated within the COF nanosheets thandiettrostatic
interactionsbetween he negatively charged carboxyl groups on Citiiéshe
positively charged guanidine groups on TpTThe good compaction of both
structuresyieldeda uniform, flexible, and stable membrane with pore size
between 0.45¢ 1 nm, used for separation processessuch as alcohol

dehydrationanddye and salt rejectiofiL45].

In contrast tothe preparation of membranes on Bstrates, freestanding
membranesonly containing COF hawso been investigatedfor potential
separation purposesThe membrane's mechanical propertiemust be
carefully consideredo ensure successful outcomelsie to the absence of
either substrate or polymeric matrix.

In this senseBanerjeeand col. preparedflexible, continuousand crackiree
b-ketoenamine COF membranesth thicknesses between 200 to 766n
through a solution casting procedu(Eigurel8c). The synthesigmvolved the
already mentionederracotta method where a COF dough containitite
reagents wa&nife-cast on a glass plate afidither bakedat 60¢ 120 °C The
membrane was peeled off using distilled water and acetone and tested for
molecular sieving. This isnaaffordable and effective strategy for the
obtention of b-ketoenamine COF membranes on a large scale with tunable

thicknessegFigure20b-c) [146].

In pursuing alternative procedures for the obtention of COF membranes, our
research groupleveloped astraightforward compression method of aerogels
into free-standing membranesTaking advantage of their low density, high
crystallinity, porosity, andoutstanding exceptional propertieshey can be
compressed into sedtanding membranes with optimal pressure. These
membranes displayed thicknesses betweencg®n >Y | YR § SNB

by N adsorptiondesorption experiments, confirming the porosity was
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1.3.3. Membranes

retained after the compression. The membranes showed great results
towards gas uptake and good selectivity, with higher g€&meability and

separation performance than commercial materigld7].

Ly i Syamoa &
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Figure ®. Experimental PXRD pattern of (a})TyBD and (d) MpTD compared with that

derived from simulated eclipsed stacking models. (@) Photographs demonstrating the

membrane flexibility(e) (i) SEM images of the surface of the membranes, which also infer that

the membrane surface is free from defects and cracks; (f) (j)-@@son; (g) (k) zoomed view;

(h) () AFM images showing the surface roughness recorded on the top of a silicor] Sk .

0FNBY 0680 6A0 p >YT o6F0 620 pn >Y3 | [f48. 630 o610

Finaly, MMMs are an alternative approach to CQ#&pported and seif
standing pure COmembranesPolymer materials are extensively employed
across various industries due to their favorable characteristics, including ease
of processing, mechanical robustness, and straightforward manufacturing.
Nonetheless, polymer membranes exhibit a traufé phenomeron, making
achieving optimal permeability and selectivity simultaneously challenging
response to this challenge, MMMbave emerged as a solution. The
performance of MMMs hinges on the inherent properties of the porous fillers

they incorporate The preparation of CAfased MMMs primarily employs
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two methods: solvent evaporation phase separation and nonsotirehiced
phase separation.

In 2016, Biswal et al. reported a new methodology forfabricating self
supported COF@polymer hybrid membramneish good flexibility and high
thermal and chemical stabilitie¥heyselectedtwo isoreticular COFs (TpRa
and TpBD)as fillers to be incorporated ia the polymer a substituted
polybenzimidazole (PHul)matrix. Themembrane was obtainety mixing
the COF nanopatrticlesith the polymerin N,N-dimethylacetamide(DMAQ,

followed bysolutioncasting and further solvent evaporati¢i48].

Following a completely different procedurdangand ceworkersreported

the preparation of PACON MMMs for the first timeisingCOF nanosheets
(CONSs) as reactividlers with polyamide (PAYia IP, simultaneously forring

the membranewith the PAlayer (Figurel8g). The-NH-functionalizeddCONs
were suspended in piperazine (PIP) aqueous phas®d poured onto a PES
substrate,followed by theslow addition ofan n-hexane solution containing
trimesoyl chloride (TMC{Figure 2a). The rCONs formed hydrogen bonds
with PIP in the aqueous phase, enhancing the viscositydaedeasinghe
diffusion rate during IP. Furthermore, the chemical cHirsising of rCON with
TMC led to the formation of pores into the PA layer during IP, endowing the
membrane hydrophilicity by donating hydroxyl and amine groupthe PA
matrix (Figure 2b). The rCON simultaneously modifies the physical and
chemical structures of RACON membranesSeveralmembranes with
differentrCONoadings (0, 1, 3, 5, 7 wt %re preparedPA, PArCON1, PA
rCON3, P&ACONS5, P&ACONTY, andthe PArCON5 membrane exhibited the
best propertiesin terms of flux andlesalinationperformance The resulting
membrane was tested fonanofiltration applicationsin water desalination

[149]. The usage of Q®-basedMMMs for desalination apptationshas also
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1.3.3. Membranes

been reportedusingother types of polymers, such as polysulfonamide (PSA)
[150]or PAN151].

NN BIP Ny
a . o
( ) H-bonding i5 i
', Wy e e ¥y
HO N)\(lrm(du oH i Ho NJ\QrNYdN oH
NN NN
‘(I)’H \ T Vs
(b) it (C) \  PA-rCON /,
\ ’
\\ 7
—_ /
3 Ny
s S
=
‘B
5 "
£
PA-rCON-PES composite
membrane

1800 |(:'00 |4I00
Wavenumber (cm™)

Figure 2. (a)Schematic of fabrication of the BACON membrane. Hydrogen bonding between
PIP and rCObEforelP and chemical crodimking between rCON and TMC during IP are shown.
Thefree-standing PArCON membrane transféo the PES support to obtain the &&ONPES
composite membrane is also showl) Contact angle measurements of PA andi®¥ON
membranes with the increasing rCON concentrati@FTIR of PES (red),dP&S (black), and
PArCONS (blue) membranesmdthe corresponding vibration stretching frequendg-f) SEM

of membranes:crosssection of (d) PA, (e) BACON3, and (f) RACONS5.Adapted from

reference[149].
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1.3.4. Composites

COFs can also be processsdmixing with othermaterialsto give hybrid
materialsother thanmembranesor thin films.Similarly, this procedure allows
the obtention of materialsendowed with combined functionalities and
properties fromthe different comporents, which may result in synergistic
effects Combining COFs witbxtended™ systems such as otheCOFs or
carbon nanotubes (CNTsgsults instrongcovalentinteractions It has been
proven thatsynthesizing COFs in the presence of Gidas around them
[152]. The resulting materialexhibit combined properties featuring the
redox properties oftte CORvith the good electrical conductivity of the CNTs
[153], which arevery promising for electrochemical sensing or energy storage
potential applications.

COFs have also been combined with their metaglanic counterpart, MOFs.
The firstreported MOF@COF coshell compositavas preparedvia a two-
step procedurgFigure22a). First, the MORNH-MIL-68, was functionalized
with the aldehydemonomer of the TPACORo give NH-MIL-68(CHO)and
followed by asecond stepwherethe COF ggw bycondensinghe aldehyde
functionalities with the amine monomearound the MOFyielding NE-MIL-
68@TPACOKRFigure 2d). Thiscore-shell hybridmaterial displayedetter
photocatalytic activity than the MOF alonend wa tested for efficient
organic pollutant degradatio{154]. Different MOFs@COFs have been
prepared for the degradation of contaminants in watéwm 2020, Lwet al.
synthesized MH101-NH@ TpMA and Ui@6-NH@TpMA photocatalystgia

a onestep hydrothermal method with the introduction ot/ units that act

as visibldight active centers facilitating the generation of phgicoduced
charge carriers. The results showed that the photocatalytic performance of
the resultant catalysts for the degradation of Bisphenol A (BPA) was enhanced

due to the presence of nitrogenich functional group§l55].
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(b) Snall and wideangle Xray scattering(SAXS/WAXS) patterns of NWIL-68@TPACOF,
simulated TPACOF, and simulated MMIL-68. (c) SEM image of MMIIL-68 alone with rod
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The e of polymers has been interestingly studiedshapeCOFs to give
other kinds ofmacroscopic objectike spheres or beadZhouet al.prepared

a compositematerial by co-immobiliation of a polyethylene glycol (PEG)
modified photocatalytic COFPEG@CTBMe, with laccase into Cu doping
calcium alginate gel beads, yielding(Ca/CUPEG@CTBMelac). The
prepared compositexhibitedgood photo and enzymatic synergistic catalysis

ability for high-efficiency degradation of various phenolic pollutafits6].

An emerging processing methodology involving encapsulating porous
materials within a noyporous polymer matrix through spherification has

emerged to produceCOF@omposite beads [19]. The procedure is quite
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simple: both the polymer g.g, polysulfone polyvinylidene difluoride,
polyehtersulfone) and the porous material are dispersed in an organic
solvent, conventionally  N,N-dimethylformamide (DMF), N,N
dimethylacetamide (DMAc), oiN-methylpyrrolidone (NMP). Once the
mixture is well homogenized, it is dragasted in water. In contact with water,
the polymer immediately solidifies, forming spheres or beads containing the
active material inside a thin layer of amorphous polymer. Thidweg:tlirectly
yields a prodct that can be incorporated at any stage of the water treatment

process, and it is easily removable and leaves no residues.

1.4. COFs in water treatment

Because btheir already mentioned outstanding propertieigh porosity,
highly organized structureshenicalstability, tunablepore sizesandsurface
properties combined with the wide variety of available processing
possibilities COFs have been applied for gaparatiorandgas storag§l57],
[158], catalysig122], [159] chemical sensind.60], andenergy storag§161],
[162], among others The potential versatility o€COF in wateremediation
applications hasecentlygeneratedconsiderable attentiorin the field.

Their tunable poresize and hydrophilicity make C®&sedthin films or
MMMs promising candidates for desalination or selectivganicpollutants
removal from aqueousnedia Likewise COF powders with tunable surface
properties,resultingfrom the incorporation ofdifferent functionaitieson the
organic framework are promising for selective metal ion detection and

adsorption.

1.4.1.Wastewatertreatment

As mentiored, some primarywater pollution sources arthe textile and dye

industries Two main approaches for removing dyes using COFs are
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1.4.1. Wastewater treatment

membrane technologyiananofiltration using COBasedthin films or mixed
matrix membranesor through adsorption processes directly with the COF
material. Li et al. developed twofree-standingCOF membranesgia IP with
tunable pore size(from 1 to 0.6 nm) by modifying the 2D0F layer stacking
from AA (F&£OM2) to AB (FEOM1). The membranes werstudied in
rhodamine B (RhB) filtratioand 14 cations. As expected-ESM1 retained

all cations and RhBvhile in FSCOM2, they could pass througii63].
Othermembranes have been reported feelective dye separatiofranet al.
prepared ahigh-flux membranevia in situgrowth of COf.ZUlonto an AIO;
tube substrate. The membraneshowed a water flux of 760 k2 h'* MPa?,
more than doukihg commonlyreported membranes~<300L m2 h' MPa?),
andwasstudiedfor the nanofiltration offive different dyeschrome black T
(CB), methyl blue (MB), acid fuchsin (AF), Congo red (CR), and rose Bengal
(RB).It particularlyexhibited highrejection ratestowards MB and CRf 99
and 98%, respectivelyFigure 3b). Theserateswere maintained during 80 h
of operation time, showng the high mechanical stabilityf the membrane
(Figure 3c). Alsg this membranecouldbe usedn salinesamplessince itwas

non-selective for hydrated salt iorj$43].
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Figure 3. (a) Digital photographs of the originab®4 tube and tubular CGEZU1 membrane.

(b) Permeance and rejection of tubular GOEU1 membrane in the nanofiltration of different
dyes (photographs show the color changes of the dye solutions before and after
nanofiltration). (c) Stability test of the tultar COR.ZU1 membrane in lorgme nanofiltration

of chrome black. Operating pressure 0.5 MPa; dye concentration, 100 -‘ilngobm

temperature. Adapted from referendd43].
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Dye removal from water has been performed us@@Faerogelstoo. Zhuet
al. studied two differentimine-based COF aerogel monolifiAPBTFPAand
TAPBOMePDAfor the removal of organic and inorganic micropollutarie
already mentionedviB andCR,and some othes, such asmethylene blue
(MLB), methyl orange (MO), and gold nanoparticles (Au NP#)e best
uptakeswere obtainedtowards MB and MLB, 9%6 and 97 %espectively
[164]. Furthermore, these monoliths wernmvestigatedin organic solvent
absorption processedlhelargestabsorption capacities obtainefbr TAPB
TFPAwere towards dichlorobenzene and chloroformand dioxane and
dichlorobenzenein the case of TAPBOMePDA which was maintained
through 10 consecutivecycles.Additionally, our research group reported
using 3 monolith aerogels as a preaffconcept for removindoluene from
contaminated water showing large adsorption capacities angbod

regeneration of the aerogeluring10 cycleg133].

1.4.2.COFbased membranes forasalination

Desalinatiorresearchcommonlyinvolves the use ofTFN. Nonethelessthe
demand for TFN nanofiltration membranes bearing good water permeance
and significantsalt rejection is eveincreasing in desalinatioprocessesin
this senseJiang and cavorkersgrewan ultrathinPAlayer(<10 nm thicknegs
by IP ofpiperazine (PIP) and TM@& a PESmembrane 2D CONswere
previously deposited on the PES suppoytvacuurrassistedselfassembly
The highly porous anguper hydrophilicTpPal nanosheetsenabled the
homogeneous diffusion of thBIPmonomers on the surface of théoaded
PES resulting in an improvement in thassembly of TMC during the
formation of the PA layeiThe optimumCONSs concentratiowasfound to be
0.5 mgresulting in @PAlayer of~7 nmthickness which gave rise to a water

flux of 535.9.m? h! MPa' and a rejection for Ng&5Q of 94%[165].
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Alternative solutions have been reported hyand col, who developed a
positively charged FNmembranewith outstandingseparationperformance
in desalinationand acid conditions. Hydrophilic triazinestructured COF
nanosheets (NENP) were added to a polysulfonamide (PS#ia IP to
fabricatethe composite membrané\ loading 00.1 w/v% ofCOF nanosheets
increase the water flow and MgGlrejectionrate dueto their hydrophilicity
nature and porosity(Figure 2b). The rejection ofother inorganic saltavas
explored, and the following order wanbtained CaGl(94.9%) > Zng(93.8
%) > MgGl(93.3%) > Pb(N&» (92.4%) >MgSQ (90.2%) > NaCl (58 %) >
NaSQ (54.3%)[150].

(b)y > (C) I Fermcatien BasiLin')

% " w@ ‘_M nkn Nall repectbon e M ">J:\

g B = i I - E ke
by & Y %

Y

& o yg b i ’:G
5 gt L= B "B
%) m Z
. S o

E

ThGtadfadibt Db Bl b %yt @ hG |

" h 38 Nfsorale" """

(d_)luu m;(@ o \ﬁ)
£ ; W o e [ PA-rCONS
B w0 8 ‘)gr g 2 o I PA

10{ » &
o o 75
) 0 *& g
60 5000 e VS 80
(% y
=08 14 3
3‘40 J”i > z E =
o
5 — = Flux PA-rCONS T
Zxn 0, Nog{ «FuxPA e
(%) < « Rejection PA-rCONS o 15
- Rejection PA cn "

PA 0 500 1000 1500 2000 2500 3000 Na, SO, MgSO, MgCl,  NaCl

NT K2y Oy &N o 2\;/ b (58 ey
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[149]

The abovementionedPArCON MMM consistingof reactive CONs as fillers

of PA was tested for desalinatiol.he performance of the membrane was
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studied at different rCON loadings, showiaigenhancementn flux asthe
loadingincreased reaching anaxinum for 5 wt %rCON with46.5 L it ht
bar?, which was 6.8 times higher than the pristined a rejectiomrate for
NaSQ of 93%(Figure 2d). Other inorganic salts were studied argjection
resulted in the following order: N&Q > MgS@> MgC] > NaC[149].

1.43.COFs for degradation

Apart fromseparation processes based membrane filtrdion or adsorption,
a frequently employed technique involves using advanced oxidation
processes (AOPs) to degradkese organic pollutants in wastewater.
Photocatalysis has gainechportancedue to its remarkableefficiengy and
energysaving capabilities Many COFs have beestudied for catalytic
degradationapplicationsin 2019, Wangt al. developeda novelcatalyst for
the reduction of NACs into aromatic amines. Tiwogenrich COFTPHH
COFwas combined with silver nanoparticlédg NPs)which possess high
efficiency indegradingthis kind of waterpollutant. Catalytic testgonfirmed
that Ag@TPHHOF could catalyze the reduction o$everal NACs4-
nitrophenol, 2nitrophenol, 4nitroaniline, nitrobenzene, 4itrotoluene and
1-butyl-4-nitrobenzene The catalyst showedxcellent efficiency with a
conversion frequency (TOIR)the reduction of 4nitrophenolof 4.150 mint,
which was superior to most nanoscaldver embedded catalysts reported
Also, the catalysmaintained97 % of its initil catalytic capacity aftés runs,
confirming its recyclability. The authors also investigatéue catalytic
potential of the material for thédhydrogenationreduction of dyesRhB MB,
MO, and CR were selecte@nd the decolorization times obtainaglere 270
s, 120 s, 240 s, and 600respectivelyj166]. More COFbasedphotocatalysts
have been modified with different species of sihaich as silver iodid@gl)

aslLiuet al. reported a year latef167]. The Agimodified COF, CEHD/AgI,
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wasinvestigated for its applicatioas a photocatalystin the degradation of
organic pollutants. The reactiowas based orvisiblelight-driven (VLD)
photocatalysis COFs serve as ideaiganic semiconductors tprovide the
pathway for electrons e)-holes f*) transport due to thér LISNRA 2 RA O -~
conjugated aromatic nature. Previous works demonstrated that
heterojunction formation could promote the separation of phdtaluced
carriers in VLD photocatalysts, so modification of C@&seterojunction
formationhas been demonstrated to ke practicabpproach[168], [169]
Aglhasa suitableband position andyood optical absorption of visible light,
so the modified CORvas expectedo show enhancel separation of phote
inducede® and h* and improvel photocatalyticproperties. Catalytic studies
revealedthe complete removal of RhB by GBB/Agl within 80 minutesind
the proposed degradation mechanism wasM-demethylationreaction The
catalyst also showed good performarioghe degradation oicetaminophen
(ACTR)an antipyretic drugwithin 60 minutes under visible light irradiation
The catalyst showedood reusabilittowards RhB and A®, with 97 % and
99 % removal ratemaintained for 4 consecutive remowaicleq167]. Similar

to the abovementioned modifiedGN: MOFs@COFs composite
photocatalysts MIL-101-NH@TpMA and Ui@6-NH@TpMA These
materialsshowedenhancedphotocatalytic performancén the degradation
of BPAdue to the formation of heterojunction at the interface with covalent
bonds when modified with the nitrogenrich functional groups.High
degradation efficiencies were achievia MIL-101-NH@ TpMAand UiG66-
NH@TpMA with 99 and 82 % removal rates, respectively. Showing good
recyclability reaching83 and 69% degradation efficienes, respectively

maintained after 5 consecutive cyclg$5].

64



Chapter 1. Introduction

1.4.4.COF for capture and detection

1.4.4.1 Heavy metal removal

One of the most toxic heavy metal ioisHg"*, and its removal from the
environment and,specifically, aqueous medito avoid bioaccumulation
problemshas beerwidelyinvestigated

In 2017, MerBofi and co-workers developeda thiolgrafted iminebased
COEF TPBDMTRCOFSH A COF precursowith reactive ethynylfunctional
groupsin the walls of 1D porewas used asthe platform to incorporate
triazole groupsby postsynthetic modificatiorand further addition of thiol
moieties via click reaction The modification of the precursaesulted in a
framework featuringchannels with flexibl@rmsto captureHg* due to the
high affinity of sulfur atoms and the coordinativature of triazole groups
towardsthis ion. Tle novelmaterialexhibitedthe largest adsorption capacity
to date, with4395 mg & and a retentionrate of 99.98% for Hg* in water
within 2 minuteg[170].

Different COFshave beendevelopedafterward for Hg* removal However
none of them surpassedthe adsorption capacity valuef the above
mentioned Lu et al. synthesizedha carboxyfunctionalizedCOFCOOH@COQF
to remove both Hg* and Pt?* from water. The carboxygroup was also
incorporatedinto the CORprecursorby click reaction The best performance
was obtained at pH 6 antbom temperature The maximum adsorption
capacitywas 99.1 mg'gHg*, and the removatate was maintainedbove 90
% during 20 cycles of us¢l51]. Leadis used inmany industries, such as
mining and smelting among others. Numerous methods have been
investigated for iteliminationfrom water, but adsorption has proven to be

one of the most promisingCOOH@COBhowed excellent performance
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towards PB*removal from watewmith high selectivityThe materiabxhibited
larger adsorption capacityaluesfor Pl¥* than Hg*, with a value of 123.9 mg
g** and a removal percentage above 98 Also,the materialshowed high
reusability allowing its usage for 20 consecutive cycles ewaihtainingthe
same adsorption capacity for PbThe same year, Xet al. reported a COF
material containingriazine (Tz) and hydroxyl (OH) bifunctional groups,-COF
TzOH, which served as a scaffold fo** ions. Its maximum adsorption
capacity washuge, with 476 mg § PI?*, exhibiting 99% removaletention
within 5 mirutes of contact Thehigh capacitywas related to thesignificant
amount ofchelating sitesvailable from the bifunctional grougsaftedin the
mesopores of theframework The material showed goodrecyclability
maintaining more than 906 retention rate after 5 consecutive adsorption
cycleq171].

In addition to themetal ions mentioned, arsenis probably one of the most
problematic due to its high toxicityAs™ adsorbentsgenerallyinvolve using
iron oxidesor amorphous carbong172]. In 2022, our research group
reported aFeOOH@TFEZOF nanocompositr efficient A$* removal from
agueous mediaThe composite material was obtainéallowing a twoestep
synthesis, where TE€OF nanoparticles were used as a templite the
growth of lepidocrocited -FeOOHphanorods Thepermanentporosity of the
COFcombined with thehigh iron oxyhydroxidenanorods' affinity towards
As* resulted inlarge adsorption capacity272 mg ¢ at pH 7 and good
reusability after 4 consecutiveycles(Figure25) [173].
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@) (b) © (@)

Figure . (a) TEM image of T2OF. (b) Kinetic investigation of FeEOOH@®E. The inset
shows the pseudesecondorder kinetic plot for the adsorption. (c) #sadsorbed by
FEOOH@TEZOF at different pH values. (d) Recyclability of FeOOHI@Fz for A%

remediation in water.Adapted from referen¢&73].

1.4.42. Analgesics andraibiotics

COFs havalso beerexploredto preparehighlyselectivematerialsto remove
these contaminantsin 2021,Lianget al. developedtwo COB with high
selectivity and adsorptioiowards three non-steroidal antinflammatory
drugs (NSAIDs) from wastewateEOFNOG, and COMH. materials were
preparedfrom TPBDMTRCORprecursorviaincorporation of-NQ, groups by
PSM followed by their reduction toNH,. The NSAIDg$ested Ketoprofen
(KTP), lIbuprofen (IBP), and Naproxen (NPX).nihe derivate showed
maximum adsorption capadgésfor KTP, IBP, and NBX70, 94, and 80 mg g
! respectivelyCORNH, exhibited less adsorption capacitglues 33, 18, and
16 mg ¢. Nonetheless it showedhigher selectivitytowards KTP than the
other two contaminantsThe adsorption mechanisimdicatedthe interaction
between COMNG, and the NSAIDswas through hydrogen bondsThe
selectivity of CONH: towards KTPwas attributed tochemicalinteractions
between the amino groups of the COF anthe carbonyl group oKTR

involving theformation of hydrogen bondandacid-base interaction$174].
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