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Abstract 

Human activity has had a significant environmental impact in the last 

decades, particularly in water pollution resulting from massive industrial 

development. This, combined with increasing scarcity, has made the 

availability of quality water a global problem. Surface water constitutes only 

лΦллст ҈ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ total water, and industry consumes 40 % of this water 

for production processes, cooling, heating, etc. However, natural water 

cannot be used directly for human consumption or industry, and water 

treatment is necessary before its use. This involves the application of various 

technologies, often including using chemicals such as antifouling and anti-

corrosive agents. The current widespread use of these chemicals has an 

environmental impact due to their high phosphorus content, which promotes 

eutrophication in aquatic environments. In line with the priorities of the 

EuropeanΩǎ Union άGreen Dealέ, 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 industry. Considering 

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 capture metal ions from water responsible for 

fouling and corrosion phenomena. The design of à la carte COFs is not only a 

sustainable 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 quality. This 

optimization of operation, performance, and resource consumption is not 

currently available in the target market. 
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The first introductory chapter of this thesis is intended to give a state-of-the-

art overview of water pollutants and treatment difficulties. It also summarizes 

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: 

developing COF-based materials to remove different metal ions dissolved in 

water. 

Chapter 2 covers the preparation of two different COF gels obtained at room 

temperature, which showed excellent Fe2+ uptakes in water. In combination 

with a non-porous polymer, these gels were processed into COF@polymer 

composite beads, allowing the obtention of new filtration systems directly 

from the as-synthesized materials. This approach yields a product 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 presented for removing Al3+ 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 outstanding results under dynamic 

conditions. 

The last experimental chapter describes the study of a post-synthetically 

modified COF for several ions dissolved in water. In this case, the goal is to 

explore the feasibility of processing this 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, el desarrollo de la humanidad ha tenido un impacto 

medioambiental considerable, pero ha sido sólo en las últimas décadas 

cuando ha cobrado especial preocupación. Este interés se ha visto reflejado 

en mayor medida en lo que respecta a la contaminación de las aguas, debido 

al crecimiento exponencial que ha experimentado la industria. Esto, unido al 

aumento de la población a nivel mundial, ha derivado en la escasez de agua 

de calidad disponible. Se estima que las aguas superficiales constituyen tan 

sólo el 0.0067 % del agua total de la Tierra, y la industria consume el 40 % de 

esta para procesos de producción, refrigeración, etc. El agua como se 

encuentra en la naturaleza no puede utilizarse directamente para consumo 

humano o procesos industriales, y es necesario tratarla antes de su uso. Esto 

implica en muchos casos, hacer uso de tecnologías, que a menudo involucran 

el uso de productos químicos como agentes antiincrustantes y anticorrosivos. 

El uso generalizado de estos productos origina un grave impacto 

medioambiental, debido a su alto contenido en fósforo, lo cual afecta en gran 

medida a la eutrofización de medios acuáticos. En línea con algunas de las 

propuestas recientes de la Unión EuropeaΣ Ŝƭ άGreen dealέ, es necesario 

adaptar el sector del tratamiento de aguas hacia prácticas con menor impacto 

ambiental, contribuyendo directamente a un aumento de la sostenibilidad 

dentro de la industria. Teniendo en consideración los hechos mencionados, 

esta tesis doctoral propone un cambio de enfoque, mediante el diseño, 

preparación y estudio de materiales avanzados basados en Redes Orgánicas 

Covalentes (COFs) para la captura de iones metálicos en aguas. El diseño de 

COFs a la carta no sólo es una alternativa sostenible a los aditivos basados en 

fosfatos, fosfonatos y polímeros orgánicos. También ofrece un valor añadido, 
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al permitir el desarrollo de nuevos tratamientos adaptados según la 

necesidad.  

El primer capítulo introductorio de la tesis se divide en dos secciones 

principales. La primera pretende ofrecer una visión general sobre la 

problemática actual de la contaminación de las aguas y de las dificultades a 

las que se enfrenta su correcto tratamiento. La segunda consiste en un 

resumen sobre los COFs, empezando por su química, sus propiedades 

principales, los diferentes procedimientos de obtención y procesado, y su 

potencial aplicación en el tratamiento de aguas. 

Los tres capítulos experimentales siguientes comparten un mismo objetivo 

principal: el desarrollo de COFs para la captura de iones metálicos en agua. 

El capítulo 2 aborda la preparación de dos COFs en forma de geles 

obtenidos a temperatura ambiente, con excelentes propiedades de retención 

de Fe2+ en agua. Asimismo, se muestra el procesamiento de estos geles, en 

combinación con un polímero no poroso, para preparar esferas milimétricas 

de COF@polímero. Este procesamiento permite la obtención de nuevos 

sistemas de filtración a partir de los materiales sintetizados. 

En el capítulo 3 se presenta un COF aniónico para la eliminación de Al3+ 

presente en aguas. Se exponen unos resultados de adsorción excepcionales 

para este ion, permitiendo su reutilización y manteniendo valores de 

retención muy altos durante 5 ciclos consecutivos. El material también se 

estudió en condiciones dinámicas, demostrando una alta efectividad. 

El último capítulo experimental describe el estudio de un COF modificado 

post-sintéticamente para varios iones disueltos en agua. En este caso, el 

objetivo se centra en explorar la viabilidad del procesado de este material, 

siguiendo dos aproximaciones distintas, la preparación de membranas 

híbridas y la obtención de microesferas de composites de COF@polímero 

similares a las obtenidas en el Capítulo 1.  
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Chapter 1. Introduction 

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 

ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ƛǎ ŎƻǾŜǊŜŘ ōȅ ǿŀǘŜǊΣ ǿƘƛƭŜ ǘƘŜ ǊŜƳŀƛƴƛƴƎ нф ҈ Ŏƻƴǎƛǎǘǎ ƻŦ 

continents and islands. The oceans hold approximately 96.5 % of Earth's 

water, while only 3.5 % is freshwater [1]. However, it is estimated that 99 % 

of terrestrial water cannot be used, and less than 1 % is available for human 

and animal consumption. This fact and its increasing scarcity, due to the fast 

growth of the population globally, make the availability of good-quality water 

a worldwide problem. 

Water found in nature often presents technical and economic challenges, as 

it is easily contaminated with substances it comes into contact with. Due to 

its ability to dissolve nearly any substance, natural water contains dissolved 

minerals, inorganic and organic substances, dissolved gases, and even 

microorganisms, making it impossible to use directly. So, water must be 

treated to ensure it meets the standard quality parameters to avoid public 

health problems and the deterioration of distribution systems and industrial 

plants [2]. 

On the other hand, industries stand as primary generators of pollutants that 

end up in aquatic environments, causing a huge ecological impact. 

Consequently, the treatment and purification of wastewater from industrial 

processes are vital, not only to minimize the number of contaminants 

discharged into the water but also for the proper maintenance of industrial 

facilities and potable water distribution infrastructures. 
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The water and wastewater treatment market size worldwide in 2022 was 

valued at almost 302 billion U.S. dollars and is expected to reach 

approximately 536 billion U.S. dollars by 2030. And yet, studies estimate that 

only 52 % of the wastewater produced globally (~360·109 m3 yr-1) is treated. 

The remaining 48 % is released to the environment untreated [3]. 

The percentage of wastewater collected and treated is highly dependent on 

the income level of the region. The ratio of treated wastewater decreases 

with the income level, at 91, 73, 60, and 47 % for high-, upper-middle, lower-

middle, and low-income countries, respectively [4]. The largest wastewater 

producers are the regions of Asia (~159·109 m3 yr-1), North America (~67·109 

m3 yr-1), and Europe (~68·109 m3 yr-1) (Figure 1) [5], [6]. 

 

 

Figure 1. Wastewater production of every region in 2015 and prediction until 2050 (data from 

different sources, Eurostat [6]; FAO-AQUASTAT [5]; Global Water Intelligence (GWI) [7]. 

Source: World Urbanization Prospects [8]. 
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The World Health Organization (WHO) and the United Nations International 

/ƘƛƭŘǊŜƴΩǎ Emergency Fund (UNICEF) estimated in 2015 that 2.1 billion people 

worldwide lacked access to safe drinking water [9]. In 2021, the United 

Nations (UN) started the Sustainable Development Goals (SDG 6) initiative to 

ensure the availability and sustainable management of water and sanitation 

for all by 2030. To achieve SDG 6 and other international water-related 

commitments, UN-Water is focused on providing reliable data by monitoring 

the progress [10]. 

Water can be polluted with different substances that can potentially 

contaminate natural resources and ecosystems, becoming a severe problem 

when they enter the food chain. The following sections will discuss these 

ǇƻƭƭǳǘŀƴǘΩǎ types, sources, and impacts. They will be followed by a summary 

of the traditional and current technologies used for wastewater treatment 

and the latest advances in this field. 

1.1.2. Types of contaminants 

Water pollution can have natural or anthropological origins. Natural sources 

comprise the weathering of rocks, volcanic eruptions, or acidic atmospheric 

deposition, among others. Anthropogenic sources are derived from human 

activities, such as agricultural and industrial processes. The mining industry, 

metal processing, chemical production, textile, dyeing, paper, food, and 

pharmaceutical industries are the ones that generate higher volumes of 

wastewater [11]. Domestic wastewater and unmanaged stormwater runoff 

can contribute to the introduction of other contaminants like salts, heavy 

metals, viruses, and bacteria, the release of fertilizers, pesticides, and other 

toxic chemicals [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 shown in Figure 3. 

1.1.2.1. Physical pollutants 

They are mainly sediments and organic matter as a result of soil erosion. 

These can be measured by several water parameters like color, turbidity, 

hardness, and total dissolved solids (TDS) that serve as water quality 

indicators. Turbidity is the main indicator of suspended solid matter in water. 

High concentrations and the accumulation of TDS in water distribution 

networks may lead to deterioration events such as pipe corrosion and biofilm 

matrix formation, which are risks for utilities and human health [14]. 

1.1.2.2. Biological pollutants  

They include viruses, bacteria, parasites, and protozoans. The presence and 

severity of pathogens in wastewater will vary depending on each region's 

hygienic and socio-economic circumstances. In underdeveloped countries, 

the concentration of viruses, bacteria, fungi, and parasites in wastewater 

might be 10 ς 1,000 times higher than in developed countries [15]. Diseases 
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transmitted through wastewater containing biological pollutants can induce 

chronic and acute toxicity in human populations. Studies have indicated that 

these illnesses contribute to premature mortality, particularly in less 

developed countries. 

 

 

Figure 3. Examples 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 environment. The nature of 

these pollutants varies depending on the sector. One of the primary sources 

of chemical water pollutants comes from the dyeing and textile industries. 

More than 100,000 commercially available dyes are reported [16], and over 

7·105 tons of dyestuff are produced yearly for applications involving dyeing 

textiles, printing, leathering, and cosmetics. Around 10 ς 15 % of these dyes 

are discharged into the water during coloration processes. Due to their 

chemical structure, dyes are resistant to degradation upon exposure to light, 

water, and many chemicals. Most dyes have mutagenic and carcinogenic 

potential and can cause severe health and ecological problems for humans 

and the environment [17]. Other emerging organic contaminants (EOCs) 
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include insecticides, pesticides, surfactants, pharmaceuticals, and personal 

care products (PPCPs). Pesticides play a crucial role in agriculture, 

safeguarding crops from pests. However, 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 health [18]. 

The pharmaceutical industry has experienced significant growth and 

development in the last decade. As a result, pharmaceuticals have become a 

rapidly evolving category of pollutants that pose potential risks, as they tend 

to accumulate in aquatic organisms [19], [20]. This category includes 

analgesics, antibiotics, hormones, and other derivates. They are constantly 

released through different sources, such as untreated wastewater from 

industries, hospitals, domestic disposals, and agriculture [21]. They usually 

are present at low concentrations in aqueous media (ng L-1 ς ˃Ǝ L-1), making 

them very difficult to detect and remove. Pharmaceuticals cover around 

4,000 molecules with diverse chemical and biological properties. Many of 

these active molecules are metabolized in the body after their administration, 

but others remain unaltered until excretion, this being the primary source of 

these pollutants. Once these contaminants enter aquatic organisms, they 

accumulate in the food chain, resulting in their magnification. 

Long-term exposure to analgesics can affect enzymatic processes, causing 

intoxication of aquatic organisms. Antibiotics, on the other hand, attack living 

organisms' tissues and alter metabolite production during metabolic 

processes. Altered metabolites make bacteria resistant, leading to the 

destruction of the immune system and hindering the regeneration of cells 

[22]. In the case of hormones, their respective metabolites may cause DNA 

damage when over-consumed. 

Likewise, the presence of heavy metal ions in aqueous solutions is one of the 

major concerns. These elements are stable and bioaccumulative, causing 
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adverse health effects when entering the food chain. Heavy metals exist 

naturally in the environment as ƳƛƴŜǊŀƭǎΣ ŦƻǊƳƛƴƎ ǇŀǊǘ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ŎǊǳǎǘ. 

However, most enter the ecosystem through anthropogenic activities, from 

industries like mining and smelting, industrial production, and 

microelectronics [23]. 

Some metal elements like arsenic, lead, cadmium, and mercury are known for 

their toxicity. These heavy metals have been reported to affect cellular 

components, and some are classified as carcinogens; lead has been related to 

premature birth and mental disabilities in infants [24]; cadmium ingestion can 

cause gastrointestinal tract erosion, hepatic and renal injury [25]; arsenic 

exposure can cause skin, lung, or bladder cancer in the long-term [26] and 

mercury can cause severe effects, including gastrointestinal toxicity, 

neurotoxicity, and nephrotoxicity [27]. 

Even other metal elements essential for many metabolic processes, such as 

iron, manganese, copper, nickel, zinc, etc., can become problematic when 

ingested at significant concentrations and even damage water distribution 

systems (Table 1). Some dissolved ions (e.g., Ca2+, Mg2+, Mn2+, and Fe2+) are 

responsible for corrosion and fouling events in wastewater filtration and 

distribution equipment due to deposit formation. This significantly reduces 

heat transfer efficiency, restricts flow, and increases operating pressure and 

the likelihood of damage. 

Table 1. Parametric values of metal concentrations in drinking water. 

Parameter Unit Spain, 2023 [28] Europe, 2020 [29] WHO, 2022 [30] 

Aluminium µg L-1 200 200 900 

Arsenic µg L-1 10 10 10 

Boron mg L-1 1.5 1.5 2.4 

Cadmium µg L-1 5.0 5.0 3.0 

Calcium mg L-1 30 - - 
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Chromium µg L-1 25 25 50 

Copper mg L-1 2.0 2.0 2.0 

Iron µg L-1 200 200 300 

Lead µg L-1 5.0 5.0 10 

Magnesium mg L-1 30 - - 

Manganese µg L-1 50 50 80 

Mercury µg L-1 1.0 1.0 6 

Nickel µg L-1 20 20 20 

1.1.3. Current technologies for the removal of water contaminants 

It is necessary to carry out an effective water treatment process to address 

the challenge of ensuring high-quality water. Wastewater must meet specific 

quality parameters before its disposal or discharge into natural water bodies. 

This is even more critical in the case of water intended for human 

consumption or irrigation purposes. Industries are responsible for ensuring 

that the wastewater generated during production processes and the overall 

water used in their facilities (e.g., cooling towers, closed circuits) is safely 

discharged to the environment. Furthermore, numerous public entities [31] 

and private companies are solely dedicated to wastewater treatment. 

In Spanish, wastewater treatment plants (known as Estación Depuradora de 

Aguas Residuales or EDAR) are responsible for treating contaminated water 

to ensure its safe return to the environment. The treatment generally involves 

several stages, beginning with the separation of large solids (e.g., sticks, 

leaves, sand) through a sedimentation process, followed by a secondary 

treatment involving biological and chemical processes performed by 

microorganisms to remove biodegradable organic matter suspended or 

dissolved in the water, and advanced oxidation processes to remove 

persistent organic pollutants. On the other hand, potable water treatment 

plants (known as Estación de Tratamiento de Agua Potable or ETAP, in 
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Spanish) are responsible for treating raw, non-potable water to provide safe 

drinking water for consumption. These plants use coagulation, flocculation, 

sedimentation, filtration, and disinfection technologies to meet established 

water quality standards before distribution. 

The following sections review the fundamentals of the water treatment 

techniques mentioned above. 

1.1.3.1. Coagulation and flocculation 

Coagulation and flocculation are essential in water and wastewater treatment 

to efficiently remove organic pollutants and heavy metals at high 

concentrations [32], [33]. Coagulation is a physicochemical process designed 

to diminish the repulsive potential within the electrical double layer of 

colloids. It is achieved through using coagulants, forming colloidal 

microparticles and their subsequent accumulation to give larger insoluble 

particles or flocs. Final concentrations in the nanogram per liter range can be 

achieved through coagulation. Coagulants include metal and polymers, 

broadly categorized into aluminum-based and iron-based types. 

Aluminum-based coagulants comprise aluminum sulfate, chloride, sodium 

aluminum, aluminum chlorohydrate, poly aluminum chloride, poly aluminum 

sulfate chloride, and poly aluminum silicate chloride. On the other hand, iron-

based coagulants consist of ferric sulfate, ferrous sulfate, ferric chloride 

sulfate, polymerized ferrous sulfate, and ferric salts with organic polymers. 

Flocculation is the process of enlarging and uniforming the flakes under slow 

agitation. The combination of both processes displays high removal 

efficiencies, predominantly chemical oxygen demand (COD), total organic 

carbon (TOC), and suspended solids [34]. Compared to other water treatment 

technologies, this technique shows advantages such as better-quality treated 

water, safer and more stable operation, and lower costs. However, the 
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separation of flocs, either by sedimentation or filtration from the liquid, 

generates large amounts of sludges. In addition, both processes require a 

constant supply of vast quantities of chemicals, and the by-products need 

further treatment. 

1.1.3.2. Sedimentation and filtration 

Sedimentation and filtration are widely employed in drinking water 

treatment as cost-effective and efficient methods to separate dissolved 

particles from aqueous media. Sedimentation is commonly used to soften 

water and remove impurities like phosphorus, fluoride, arsenic, ferrocyanide, 

and heavy metals. Filtration allows the separation of solids from a liquid as 

they pass through a porous medium, effectively removing particles such as 

sand, gravel, oil, and fat [35]. The filters can be made of various materials, 

including quartz sand, granular activated carbon, anthracite, marble, and 

volcanic tuff. 

1.1.3.3. Oxidation and disinfection 

Oxidation can be performed at any stage of the water treatment process. 

Initially, it allows the oxidation of inorganic compounds (e.g., iron, 

manganese, and ammonium) and organic pollutants, eliminating the taste 

and smell and inhibiting algae development. In the middle of the process, to 

increase biodegradability before filtration on activated carbon. Or at the end 

of the treatment, ensuring water disinfection before distribution. The choice 

of oxidant depends on the sample treated and the impurities. The leading 

disinfectants used in water treatment for drinking water are chlorine, chlorine 

dioxide, ozone [36], monochloramines, ultraviolet radiation, and potassium 

permanganate. 
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1.1.3.4. Ion exchange resins 

Ion exchange is primarily used in the softening of drinking water. They are 

also used to replace hazardous aqueous pollutants with harmless ions. Ion 

exchange is a process in which an insoluble substance, a resin, takes ions from 

an electrolytic solution and releases additional ions of the same charge. 

Resins are typically gels or microporous materials obtained by copolymerizing 

styrene and acrylates with divinyl benzene (DVB), ensuring linear polymer 

structure crosslinking. The polymeric structure is grafted with active groups 

carrying permutable ions, which define the four types of resins depending on 

the group grafted: carboxyl group (weakly cationic), sulfonic group (strongly 

cationic), tertiary amines (weakly anionic), and quaternary ammonium group 

(strongly anionic). In anion or cation exchange processes, negatively or 

positively charged ions are replaced with counterions from the polluted 

water. Cationic resins are the most favorable, comprising weak basic resins 

(carboxyl acid groups) and strong (sulfonic acid groups). Natural resins also 

include clays, polysaccharides, proteins, and carbon materials. 

1.1.3.5. Membrane techniques 

A membrane is defined as a άǘƘƛƴ ōŀǊǊƛŜǊ ƻǊ ŦƛƭƳ ǘƘŀǘ ŜȄƘƛōƛǘǎ ǇŜǊƳ ǎŜƭŜŎǘƛǾƛǘȅ 

when subject to a driving forceέ [37]. Membrane separation technology is 

based on using semi-permeable membranes for selective molecular 

separation. It allows the separation of pollutants present in water, effectively 

providing excellent-quality treated water without the addition of any 

chemicals, with relatively low energy use and generating less sludge. 

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

in industries for water treatment processes. Membrane processes show 

several advantages compared to the techniques mentioned above, such as 

increased effectiveness, no need for large quantities of chemicals, and no by-
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products generated during the process. Depending on the pore sizes of the 

membrane, these can be classified into microfiltration (MF), ultrafiltration 

(UF), nanofiltration (NF), and reverse osmosis (RO) [38] (Table 2, Figure 4). 

Table 2. Membrane types and processes and essential properties. 

Membrane 
process 

Pore size 
Operating 

Pressure (bar) 
Separation 
mechanism 

Transport 
regime 

Microfiltration  
0.05 ς 10 

µm 
1 ς 5 Sieving Macroporous 

Ultrafiltration  
20  50 

nm 
5 ς 10 Sieving Mesoporous 

Nanofiltration Җ2 nm 10 ς 20 
Sieving + Donnan 

principle 
Microporous 

Reverse Osmosis 
<0.05 
nm 

20 ς 80 Solution diffusion Molecular 

 

 
Figure 4. Schematic representation of the species retained in pressure-driven membrane 

process for water treatment technologies. 

¶ MF separation depends on the size-exclusion mechanism or sieving 

effect and on the membrane's molecular weight cut-off (MWCO) and feed 

particles. Suspended matter, colloids, pigments, bacteria, and viruses in the 

size range of 0.025 ς 10.0 m˃ can be successfully separated using MF 

membranes. These membranes operate at applied pressures between 1 and 

5 bars, are robust, show good mechanical strength, and are relatively 

affordable. This technology often takes part in a prefiltration stage before UF, 
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NF, or RO. These membranes quickly suffer from fouling events by microbial 

cells and other particles. MF membranes can be fabricated from various 

materials, such as polyethersulfone, polyamide, polyvinylidene fluoride, or 

ceramic. Depending on the material, the membrane will show different 

properties. Ceramic MF membranes exhibit higher mechanical strength, 

leading to higher fluxes and longer lifetimes than polymeric-based MF 

membranes. 

¶ UF water treatment technology is mainly used to separate suspended 

particles, colloids, proteins, peptides, bacteria and viruses, and other 

contaminants within the 10 ς 50 nm size range. These membranes have mean 

pore sizes between 20 ς 50 nm and operate at pressures between 5 to 10 

bars. Similar to MF, the separation mechanism governing UF is based on pore 

size sieving; the membrane material and the chemical properties of the 

surface are essential for the performance and selectivity of these membranes. 

UF is generally preceded by MF and/or sand filtration. Nonetheless, UF is 

unsuitable for removing pesticides, nitrates, iron, manganese, or sulfate ions. 

It can be implemented in drinking water treatments, wastewater treatments, 

food and pharmaceutical industries, and desalination. UF membranes also 

suffer from fouling directly related to the membrane material; again, ceramic 

membranes allow easy disinfection but suffer from prompt fouling. Many UF-

modified membranes have recently been reported to improve their 

performance and properties. For example, graphene oxide (GO) has been 

reported for the modification of UF membranes due to its large number of 

hydrophilic oxygen functional groups, which can endow membranes with 

excellent mechanical properties and strong hydrophilicity. The low cost of GO 

makes it a potential candidate for the design and development of advanced 

membranes with improved performance [39]. 
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¶ NF technology is mainly used to remove high-valence salt ions, 

volatile organic compounds (VOCs), colloids, bacteria, and any 

micropollutants dissolved in water. Its extensive applications include drinking 

water treatment to demineralizing water or wastewater treatment from 

industrial processes. NF membranes have pores with mean sizes equal to or 

below 2 nm. Their primary advantage is that they can be operated at 

significantly lower operational pressures than reverse osmosis while allowing 

the obtention of high-quality and safe potable water, making this approach 

more affordable. The separation mechanism in NF is a combination of size- 

and charge-sieving (Donnan exclusion), and MF and/or UF can precede it. 

Donnan charge exclusion, also known as the GibbsςDonnan effect, refers to 

the unequal distribution of charged particles (ions) across a semipermeable 

membrane due to other non-diffusible particles on one side of the 

membrane. The non-diffusible charged substance creates an uneven 

electrical charge between the two sides of the membrane, forcing the ionic 

species to pass through the barrier. It has been proved that monovalent small 

anions with high ionic charge density (Fς) experience higher Donnan exclusion 

than larger anions with lower ionic charge densities (e.g., Clς, Brς) [40]. The 

charge of the NF membrane also plays an essential role in its exclusion 

performance. Given a negatively charged NF membrane, the rejection of 

divalent anions (e.g., SO4
2-) will always be more significant than for 

monovalent anions (Clς). In contrast, the rejection of monovalent cations 

(Na+) is more significant than divalent ones (Mg2+) [41]. 

NF allows water softening by removing Ca2+ and Mg2+. Therefore, it is suited 

for highly mineralized surface waters that need to be softened. Its 

applications are extensive, from demineralizing water to wastewater 

treatment from industrial processes. Many factors affect the performance of 

these membranes; it depends both on the material of the membrane 
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όǎǘǊǳŎǘǳǊŜΣ ǘƘƛŎƪƴŜǎǎΧύ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ǎŀƳǇƭŜ όconcentration, 

presence of dissolved gases, clogging power). These membranes are often 

thin film nanocomposites and can be fabricated with different structures in 

flat-sheet and hollow fiber configurations. Positively charged thin-film 

composite membranes for NF have been reported by the combination of 

different polymers (e.g., ǇƻƭȅǎǳƭŦƻƴŜΣ ǇƻƭȅŀƳƛŘŜΧύΣ modified with branched 

polyethyleneimine for selective separation of Mg2+/Li2+ [42], heavy metal 

removal [43], or low-pressure water softening [44]. 

¶ RO is the most used water treatment technology for the desalination 

of seawater to produce potable water. The membranes used for RO filtration 

have the smallest pores with mean sizes below 0.5 nm. It can separate salts, 

minerals, microorganisms, organic compounds, and other pollutants. Reverse 

osmosis is highly efficient in removing up to 99 % of contaminants present in 

water. RO technology operates at high pressures (e.g., 40 ς 80 bar for 

seawater), significantly raising its cost compared to the previous membrane-

based techniques mentioned. The separation process is based on reversing 

the natural osmotic flow. 

Most commercial RO membranes are made of polyamide following previous 

methods via in situ interfacial polymerization of aromatic polyamides, 

particularly poly(arylene polyamine aromatic polycarboxylamides) like 

poly(phenylene diamine trimesamide), from a monomeric polyacyl halide (tri- 

or higher in acyl functionality, e.g., trimesoyl chloride) and a monomeric 

arylene polyamine (e.g., phenylene diamine). The interfacial polymerization 

is carried out on the surface of a porous substrate, resulting in a suitable salt 

rejection and high flux reverse osmosis membrane [45]. 

RO filtration needs several pretreatment stages, such as chemical 

coagulation-flocculation, sedimentation, and MF, to ensure the best 

performance of the RO membranes and avoid clogging and fouling. The 
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treated water also needs a post-RO remineralization treatment to drink since 

RO removes essential minerals like magnesium and calcium (Figure 5). 

 

 
Figure 5. Simplified diagram of a typical industrial seawater reverse osmosis (RO) desalination 

plant [46]. 

However, membrane technologies show certain drawbacks. Constant 

backwashing is necessary to avoid system obstruction, and regular chemical 

cleansing is essential to remove materials that cause fouling, severely 

affecting water 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. 

1.1.3.6. Adsorption 

Adsorption processes are one of the most promising mechanisms for the 

removal of large concentrations of ions or molecules. The usage of solids 

(adsorbents) for water treatment applications has been widely investigated 

over the last decades. It is a low-cost, efficient process based on the capability 



Chapter 1. Introduction 

21 
 

of an adsorbent material to capture molecules (adsorbates) of gases or 

solutions they are in contact with on their surface. 

Adsorption can be either physical (physisorption) or chemical 

(chemisorption), depending on the adsorbent and adsorbate interactions. In 

the case of physisorption, van der Waals forces mediate these interactions, 

while covalent bonds and stronger interactions in the case of chemisorption.  

The adsorption performance of an adsorbent will essentially depend on its 

properties, so the design and appropriate selection of the material are crucial. 

In this sense, porous materials have great potential to be used as adsorbents 

due to their large porosity. When selecting an adsorbent, it is essential to 

consider several factors, such as its specific surface area, the maximum 

adsorption capacity, the recyclability of the material, and its adsorption 

kinetics. 

Throughout history, countless porous materials have been investigated for 

their potential use in adsorption processes. These adsorbents range from 

simple natural materials like wood and clay to more complex synthetic ones 

such as zeolites [47], [48], activated carbons [49], and oxides [50], [51], [52], 

[53]. Over the last decades, these classic porous materials have gained 

numerous tough competitors, as many novel porous materials have been 

developed. These include porous organic polymers, porous organic cages, 

metal-organic frameworks (MOFs), and covalent organic frameworks (COFs). 

Many investigations have focused on exploring and improving these newly 

developed materials for water treatment applications. MOFs and COFs exhibit 

flexible and ordered structures with large specific surface areas. Nonetheless, 

MOFs indicate certain drawbacks compared to COFs, such as limited stability 

in water, which is crucial for this matter. In contrast, the latter are metal-free 

and stable in aqueous media, making them advantageous candidates for this 

purpose. Therefore, due to their outstanding properties, permanent porosity 
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owed to ordered and tunable pore structures, and excellent chemical and 

thermal stability, COFs represent a new class of potential candidates for their 

implementation in water adsorption treatments [54]. 

  



Chapter 1. Introduction 

23 
 

1.2. Covalent organic frameworks 

Covalent organic frameworks, commonly called COFs, were first reported in 

2005 by Prof. O. Yaghi [55]. They successfully synthesized COF-1, a purely 

organic polymeric material based on covalent boron-oxygen bonds that 

exhibited crystallinity and porosity. These materials are produced by forming 

covalent bonds between organic monomers or building blocks that extend 

periodically in two or three dimensions. Similar to the Lego® game, in which 

monomer molecules could be simplified as geometrical pieces that can be 

bonded through their vertices to give ordered structures. Since their 

discovery, various types of linkages and building blocks have been reported, 

resulting in diverse geometries and potential applications for these materials, 

widening the scope of reticular synthesis. 

1.2.1. Design of COFs 

The structural design of the frameworks can be simplified by visualizing the 

building blocks as geometric shapes that can be linked via the vertices 

(reactive groups) to create infinite ordered structures of covalently bonded 

atoms. COFs can be tailored and designed á la carte depending on the 

monomers utilized. Characteristics such as the structure's geometry, the 

pores' size and shape, ŦǳƴŎǘƛƻƴŀƭ ƳƻƛŜǘƛŜǎΩ presence and position, or the type 

of linkage will be derived from the selected building blocks. Over 700 different 

COFs [56], [57] have been developed to date due to the vast variety of 

building blocks available. 

Two key aspects must be considered when designing a new COF: the network 

topology (involving dimensionality, geometry, pore size, and shape) and 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 their intrinsic 

properties. COFs can be pre-designed because the monomers dictate the 

structural framework. COFs utilize step-growth polymerization to propagate 

chains in either two- (2D) or three-dimensions (3D). They can be classified into 

these two categories only considering their dimensionality. 

2D-COFs restrict the propagation of the covalent bonds in a plane, tending to 

form layered structures. These layers interact via non-covalent forces, such 

ŀǎ ˉ-ˉ stacking, hydrogen bonds, and van der Waals forces, preventing them 

from being isolated. In the case of 2D frameworks, only 8 different types of 

topologies have been reported: honeycomb lattice (hcb) [55], square lattice 

(sql) [58], rhombic [59], hexagonal lattice (hxl) [60], hexagonal Tungsten 

Bronze (htb) [61], Kagame network (kgm) [62], dual Kagame network (kgd) 

[58], and fxt [63] (Figure 6). 

On the other hand, 3D networks allow the formation of covalent bonds in all 

spatial directions, resulting in isotropic materials. The first 3D-COF was 

reported in 2007 by Hani M. El-Kaderi et al. [64], and since then, a few 3D-

COF structures have been reported (Figure 6). Most of the reported networks 

rely on tetrahedral nodes due to the difficulty of obtaining other types of 

vertices, e.g., octahedra, using organic molecules whose primary components 

are planar or tetrahedral carbon atoms [65]. The 3D topologies reported so 

far are dia [66], pts [67], bor, ctn [64], srs [68], rra [69], and kgd. 
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Figure 6. Representation of the different 2D and 3D topologies found in reported COFs. 

Adapted from reference [70]. 

1.2.1.2. Types of linkages 

Once the geometry and the shape of the building blocks have been selected 

to give rise to the COF network, it is also essential to pay special attention to 

choosing which reaction will be used to connect the monomers. The 

developed material's properties may be affected depending on the bond's 

nature. This aspect is crucial because only covalent bonds that allow dynamic 

formation will be adequate for their use to prevent defects and ensure the 

obtention of crystalline networks. As illustrated in Figure 7, the reversibility 

of the bonds is crucial to enable the self-correction of incorrectly formed links 

to give the most thermodynamically stable structure. 
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Figure 7. Schematic representation of the crystallization mechanism corresponding to the 

formation of imine COFs. The reversible COF formation by slow crystallization yields an 

amorphous gel that then gradually crystallizes due to a self-healing process. Adapted from 

reference [71]. 

Depending on the chemical bond, COFs can be divided into BςO linkages 

(boroxine and boronate ester), BςN linkages (borazine), C=N linkages (imine, 

hydrazone, and azine), CςN linkages (imide, amide, ŀƴŘ ʲ-ketoenamine), N=N 

triazine linkages, and C=C linkage. 

The first COFs reported in 2005 by Yaghi [55] were synthesized by the self-

condensation of boronic acid into boroxine linkages (COF-1) and 

condensation of boronic acids with catechols into boronic esters (COF-5) 

(Figure 8). 
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Figure 8. Timeline of some of the most commonly used linkages in COF synthesis. 

Since then, many COFs based on boronic esters have been reported, and it 

has become one of the most common varieties (Figure 9). Materials based on 

this bond show exceptional thermal stability (up to 600 ºC). However, they 

are highly susceptible to hydrolytic decomposition due to the empty orbital 

of the boron, hindering their use under moisture or ambient conditions [72]. 

Another type of COF containing boron is based on borazine bonds, first 

synthesized in 2012 [73]. 

 

 
Figure 9. Boron ς oxygen and boron ς nitrogen linkages. 
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An alternative to boron-containing COFs was reported in 2008 [74] based on 

C=N bonds by cyclotrimerization of nitriles. These frameworks possessed 

robust structures with high thermal and chemical stabilities. Although, the 

harsh synthetic conditions involving ionothermal procedures constrained 

their interest. A significant advance in COFs was the development of imine-

based COFs in 2009 by Yaghi and co-workers [66]. This family of COFs is 

synthesized via condensation between an aldehyde and an amine and does 

not need harsh conditions; they can be prepared under solvothermal or room 

temperature conditions. These materials show good thermal and chemical 

stability and have become one of the most used strategies for the obtention 

of COFs due to the wide range of aldehyde and primary amine monomers 

available. 

There are several more examples of C=N bonds in COFs, such as hydrazone 

[75], azine [76], [77], or squaraine [78] linkages (Figure 10). 

Among imine bonds, there is a remarkable example that is very interesting, 

the b-ketoenamine bond. Banerjee and co-workers were the first to report 

this kind of linkage [62] in COF chemistry [79]. This phenomenon occurs in 

two steps: first, the condensation of 2,4,6-trihydroxy-1,3,5-

benzenetricarbaldehyde (Tp) with an amine in a reversible reaction. This 

linkage has a tautomeric equilibrium between the enol-imine and keto-amine 

tautomers, and the favorable displacement of this equilibrium towards the 

latter isomer in an irreversible reaction locks the bond. This variation of the 

imine linkage grants the final material excellent chemical and aqueous 

stability since the keto-enamine group is less reactive. 
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Figure 10. Most common carbon ς nitrogen and carbon = nitrogen linkages. 

Besides the abovementioned bonds, there are some remarkable ones. In 

2013, Wuest and co-workers reported a COF based on azo-dioxy bonds 

formed via dimerization of nitroso groups [80]. These N=N linkages are 

particularly weak and labile and, therefore, reversible, which allowed the 

growth of the first COF single crystal, although the material showed non-

permanent porosity. 

There are also examples of C=C bonded COFs. The first was reported by Feng 

et al., where a fully sp2
-bonded COF with excellent stability due to its fully 

covalent structure was developed via the Knoevenagel reaction. The 

procedure was carried out in two steps: firstly, the nucleophilic attack on the 

carbonyl group, which is a reversible step, followed by the dehydration and 

the irreversible formation of the double bond [81]. 
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1.2.2. Properties of COFs 

COFs share similar characteristics with their metal-organic counterparts, 

MOFs, which have been studied more extensively due to their earlier 

discovery. Still, several specific properties of COFs are worth highlighting, 

including their very low densities, derived from their formation based 

exclusively on light elements such as boron, nitrogen, carbon, and hydrogen.  

Compared to MOFs, which contain heavier metal ions. Another difference 

arises from the type of the bond; the reversible nature of coordination bonds 

found in MOFs easily yields highly crystalline frameworks. Meanwhile, the 

strength of covalent bonds confers excellent thermal 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 of COFs, distinguishing them from the rest 

of conventional organic polymers. While COFs share the polymer structure, 

they are unique due to their building blocks containing two or more reactive 

sites. The majority of the unique properties of a COF material originate from 

their structured arrangement. Comprehending the factors governing the 

long-range order in COFs is critical to designing á la carte materials due to the 

large variety of possible building blocks and linkages. 

Several factors directly affect the crystallinity of COFs. First, covalent bond 

reversibility is crucial, as it allows the correction of defects formed during the 

polymerization process. Furthermore, the choice of building blocks, including 

their solubility, geometry, and functionalization,- significantly impacts 

crystallinity. For instance, introducing hydroxy groups in imine-based 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 plays a 

vital role in achieving crystalline structures, as Dong et al. [84] demonstrated, 

who compared three different nitrogen-rich COFs. 

In 3D-COFs, where the network's expansion relies solely on covalent bond 

formation, achieving highly ordered materials becomes possible when 

nucleation is controlled and reversibility is sufficiently high. 

In the case of 2D-COFs, non-covalent interactions play a crucial role in the 

long-range order of the frameworks. Within one layer, the polymerization 

propagates in two dimensions via the formation of covalent bonds. In 

contrast, the growth in the third dimension relies on non-covalent forces, like 

-̄  ̄ stacking. Achieving ordered stacking in 2D-COFs is difficult, given the 

energy needed to separate large sheets. This is due to the large amount of 

weak forces involved impeding the self-correction mechanism in the stacking, 

often leading to imperfect stacking sequences resembling eclipsed AA 

stacking. 

The primary technique to verify the structure of a crystalline material is single-

crystal X-ray diffraction (SXRD). However, COFs are rarely obtained in the 

form of single crystals. Instead, COFs are usually accepted as polycrystalline 

materials. It was not until 2017 that the first single-crystal X-ray diffraction of 

a 3D-COF was reported [85]. Therefore, their structure is commonly 

elucidated via powder X-ray diffraction (PXRD). 

1.2.2.2. Porosity 

Another intrinsic characteristic of COFs is their permanent porosity. The 

porosity of COFs is usually evaluated by nitrogen (N2)-adsorption-desorption 

isotherms at 77 K. The pore sizes vary from micropores to mesopores (0.46 

nm [86] ς 5.3 nm [87], [88]), and the surface areas can extend to nearly 5,000 
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m2 g-1 [89]. Typically, COFs can exhibit various porosity levels depending on 

their structure. They range from microporous (pore diameters below 2 nm, 

Type I isotherms) to mesoporous (pore diameters 2 ς 50 nm, Types IV and V 

isotherms) materials. 

Achieving this level of porosity relies not only on pore engineering but also on 

optimizing the activation procedure. The activation step in these materials is 

critical to ensure the structure does not collapse and the pores remain intact 

after removing any guest molecules inside. The most commonly reported 

activation method involves solvent exchange and activation under reduced 

pressure at elevated temperatures. More sophisticated techniques have 

recently been described, including supercritical carbon dioxide (scCO2) drying 

reactors. This technique is based on a three-step procedure, where the damp 

COF is previously placed in a dialysis membrane and introduced in the scCO2 

reactor chamber. First, the solvent is exchanged with liquid CO2, so it must be 

miscible with CO2 (e.g., ethanol, methanol). Once the solvent has been 

completely exchanged, the temperature is gradually raised to 40 ºC until the 

pressure inside the chamber reaches ~85 bar ςbeyond the CO2 critical point 

to ensure its supercritical fluid stateς. Finally, the scCO2 is slowly evacuated 

from the reactor, leaving the porous /hCΩǎ ǎǘǊǳŎǘǳǊŜ ƛƴǘŀŎǘ and preventing it 

from collapsing. 

The pores of these materials can be tuned to favor the affinity towards other 

gases, apart from nitrogen, such as hydrogen or carbon dioxide. For example, 

hydrogen storage at room temperature can be achieved by preparing COFs 

with very small pores to enhance H2 porosity [89] or by adding palladium 

nanoparticles to the structure [90]. Carbon dioxide endows polar C=O bonds 

and an acid nature, so incorporating functional groups in the pores that can 

form dipole or even acid-base interactions ǿƛƭƭ ŜƴƘŀƴŎŜ ǘƘŜ /hCǎΩ ŀŦŦƛƴƛǘȅ 

towards CO2 uptake. 
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The importance of porosity in COFs is critical not only for gas adsorption 

purposes but also for water remediation applications and catalysis. Pore 

surface engineering allows the incorporation of metals or functional groups 

within the pores, improving their selectivity towards specific molecules or 

ions. This approach enables preparing a broader range of more complex and 

diverse materials with enhanced selectivity. 

1.2.2.3. Stability 

COFs are inherently stable materials, both thermally and chemically, 

compared to conventional polymers and MOFs. Under inert conditions, they 

can withstand temperatures ranging from 300 to 530 ºC [91], and their 

chemical stability varies depending on their chemistry and linkages. The 

choice of the linkages in 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. COFs based on boronate ester linkages are prone to hydrolysis. 

In contrast, nitrogen-based COFs, such as imine, hydrazine, or azine-based 

COFs, remain stable even under harsh chemical conditions, although they can 

eventually be hydrolyzed. 

Materials prepared via two-step synthesis methods, with an irreversible 

second step, usually show more stability. This way, the reversibility of linkages 

is retained while achieving both crystallinity and chemical stability. The most 

common reactions for this approach include Knoevenagel condensation, 

ōŜƴȊƻȄŀȊƻƭŜΣ ƻǊ ʲ-ketoamine linkages-based COFs. Tautomerization of 

linkages into more stable bonds, such as enol-keto tautomerization in specific 

imine COFs, can also enhance network stability [92], [93]. 

Another method involves introducing hydroxyl groups in the h  position to the 

aldehyde group of the building block [94]. A hexagonal ring is formed where 
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the proton of the hydroxy groups interacts via a hydrogen bond with the 

imine nitrogen. Generally, chemical stability can be strengthened by 

reinforcing interlayer non-covalent interactions such as hydrogen bonding 

ŀƴŘ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ˉ-interactions [95]. Nitrogen-based linkages like 

covalent triazine frameworks (CTFs) display exceptional chemical stability 

towards hydrolysis due to the formation of triazine units [96]. 

1.2.3. Synthetic procedures 

Considering the abovementioned aspects, the final step is synthesizing the 

COF. The synthetic route must be selected depending on the building blocks, 

the linkage type, the desired pore size and shape, the functional moieties, and 

the final application. 

The great majority of COFs reported have been synthesized under 

solvothermal conditions. The reaction is carried out in a sealed Pyrex tube by 

dissolving the monomers in a mixture of solvents and adding the 

corresponding catalyst, followed by sealing the tube. The mixture is left to 

react at high temperatures (close to 120 ºC) for the time needed, usually 

several days. After that, the solid is isolated, washed to eliminate unreacted 

monomers, and dried and activated to yield the COF powder. In most cases, 

the mixture of solvents for the preparation of imine and b-ketoenamine COFs 

involves a combination of p-dioxane and mesitylene in a specific ratio and 

aqueous acetic acid (AcOH) as the catalyst. Other solvents, like mixtures of o-

dichlorobenzene with n-butanol, are also common. 

A significant breakthrough in synthesizing COFs has been their obtention at 

room temperature. In 2016, Zamora and co-workers reported a new room-

temperature synthesis of an imine-based COF using glacial acetic acid as the 

solvent and catalyst of the reaction [13]. Variations in the type of catalyst 

have also been reported, like switching from Brønsted acid catalyst to Lewis 
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acid metals, like scandium (III) triflate. In 2017, Dichtel and co-workers 

synthesized an imine-based COF within a few minutes at room temperature 

using this catalyst in a loading below 0.02 equivalents, yielding highly 

crystalline and porous materials [97]. Similarly, using p-toluenesulfonic acid 

(PTSA) both as the catalyst and a template was reported by Banerjee and co-

workers to prepare a dozen different COFs [98]. PTSA acted as a molecular 

organizer by forming lamellar salts with the amines used as monomers, 

thereby creating regularly spaced amines. Subsequently, adding the aldehyde 

replaced the PTSA molecule to form the network within a minute, resulting in 

ultraporous and highly crystalline materials. 

Different strategies involve modifying the reactivity of the starting materials 

by capping one of the amines from ditopic amine monomers with tert-

butyloxycarbonyl (Boc) protecting groups. Upon the reaction of the amine 

with the aldehyde, small soluble oligomers capped with Boc groups are 

formed. The gradual removal of the protective groups induces complete 

network formation, allowing the obtention of COF nanocrystals [99]. 

Also, ionic liquids can be used as solvents for imine-based COF synthesis. In 

this case, the ionic liquid acts as the solvent and catalyst and can be reused 

without activity loss. This approach yields highly crystalline materials within 

minutes at high concentrations. The main drawback of this procedure is the 

difficulty of eliminating the ionic liquid from the pores of the COF [100]. 

Alternatively, in 2013, Banerjee and co-workers reported a solvent-free 

method involving the mechanochemical synthesis of b-ketoenamine COFs 

[101], which was later applied successfully for the synthesis of imine-based 

COFs [102]. In this procedure, the monomers are ground on a mortar to form 

the COF. While this method featured some benefits such as eco-friendliness, 

ease of operation, and feasibility for scale-up synthesis, it also had some 

drawbacks, like moderate crystallinity and limited porosity of the materials. 
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Figure 11. Schematic procedure for the preparation of azo-linked COFs via a linker exchange 

approach. Adapted from reference [105]. 

Recently, a linker-exchange approach has gained significance as a method for 

synthesizing more complex materials that cannot be achieved through de 

novo synthesis [103]. This procedure involves modifying a simpler network 

that acts as a template or parent entity by exchanging a monomer within the 

parent COF via dynamic reorganization of the covalent bonds, resulting in the 

in situ COF-to-COF transformation. This method has been mainly developed 

in imine-based COFs due to the reversible nature of this bond. In 2019, Ditchel 

and colleagues synthesized b-ketoenamine COFs through this strategy, 

yielding materials with superior crystallinity and surface areas compared to 

typical condensation syntheses [104]. In particular, Zhou et al. obtained two 

azo-linked COFs by transforming two imine-linked parent COFs (Figure 11). 
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The azo-COFs developed showed distinct properties from their corresponding 

imine-linked precursors, indicating the unique properties of azo-COFs [105]. 

COFs can also be obtained as colloids and nanosheets. Exfoliation is the most 

commonly used procedure to isolate a single layer in 2D layered materials. 

This technique is of interest because the properties of a single layer differ 

from those of the bulk material. The most well-known example of this is the 

comparison between graphene and graphite. Exfoliation is a top-down 

approach to obtain a monolayer or few-layered materials from the bulk. Due 

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

interactions, ̄ -  ̄stacking, in the COF, the separation of the layers can be 

achieved by applying energy in the form of ultrasounds. Liquid-phase 

exfoliation (LPE) has been reported for COFs using different solvents, 

including dichloromethane, chloroform [106], water, dioxane, or methanol 

[107]. An essential disadvantage of this approach is the number of defects 

created in the ultrasonication process. The exfoliated COF can either be 

transferred to a substrate or can be directly used in suspension. However, the 

stability of these suspensions can sometimes be a problem since most of 

them are stable only for several minutes. Alternatives for the preparation of 

colloids using different techniques have been investigated to solve these 

problems. Bottom-up approaches have been reported to prepare stable 

colloids of COF nanoparticles [108], [109]. 
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Figure 12. (a) Schematic representation of the synthesis of colloidal TAPB-BTCA COF 

nanoparticles in water. (b) Photograph of the transparent reaction mixture. (c) Synchrotron X-

ray differential diffraction data of the reaction mixture containing TAPB-BTCA COF 

nanoparticles. Adapted from reference [110]. 

In 2020, our research group reported preparing aqueous colloidal 

suspensions of sub-20 nm crystalline imine-based COF nanoparticles at room 

temperature. This was achieved using micelles, consisting of a cationic and 

anionic surfactant mixture, that act as nanoreactors where the condensation 

takes place inside (Figure 12). This allowed precise control over the growth of 

the COF NPs, yielding the smallest size reported, 16 nm [110]. 

 

(a)

(c)(b)
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1.2.4. Functionalization 

The countless frameworks that can be formed due to the wide variety of 

available building blocks and types of linkages have been mentioned 

throughout this chapter. However, introducing a specific functional group 

into the network is desirable for certain potential applications. As mentioned 

before, complex networks cannot always be achieved by de novo synthesis, 

so modifying a simpler pre-formed COF can sometimes solve these problems. 

The functionalization of an already synthesized material is known as post-

synthetic modification (PSM). It can be performed by introducing a specific 

functional moiety or modifying the linkage within the parent COF [111], [112]. 

One very extended approach to post-synthetically modifying COFs is the 

incorporation of metal ions to introduce metal-active sites for catalysis 

applications. The crystalline nature of COFs with the uniformly distributed 

organic linkers and the strong coordination between these organic ligands 

and metal ions allow the metalation of the networks. Many metal atoms, such 

as Ca [113], Sr [113], Ti [114], V [115], Mn [113], [116], Fe, Co [117], Ni [89], 

[116], Zn [116], Mo [118], Rh [119], Re [120] and Ir [121], have been 

incorporated into COFs through PSM with salts of inorganic ions taking 

advantage of the metal-ligand interaction. In 2D imine-based COFs, due to the 

coordination ability of the nitrogen, metals can be introduced between two 

layers. Ding et al. incorporated Pd2+ through PSM to yield Pd/COF-LZU-1 t, 

which was effectively used in the catalysis for the SuzukiςMiyaura coupling 

(Figure 13) [122]. Networks containing building units with coordinating 

groups in the a position of the aldehyde, like in the case of b-ketoenamine 

COFs, may be modified using metalation techniques to effectively incorporate 

ions including Cu2+ [123]. 
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Figure 13. Construction of COF-LZU1 and Pd/COF-LZU1. (a) Schematic representation for the 

synthesis of COF-LZU1 and Pd/COF-LZU1. (b) Proposed structures of COF-LZU1 and (c) Pd/COF-

LZU1, possessing regular microporous channels (diameter of Ḑ1.8 nm), simulated with a 2D 

eclipsed layered-sheet arrangement. C: blue, N: red, and brown spheres represent the 

incorporated Pd(OAc)2. Adapted from reference [122]. 

In addition to metalation, there are numerous other procedures to introduce 

functional groups through various steps. For instance, when incompatibility 

or instability of a particular group under COF formation conditions requires 

the PSM to be performed in two steps. First, the functionalization of the 

building block with groups that do not hinder COF formation and permit the 

integration of the desired moiety. Huang et al. incorporated diverse 

functional groups (e.g., alkyl chains, esters, alcohols, carboxylic acids, and 

amines) (Figure 14a) in an imine-based COF containing alkyne pendant 

moieties in the pores through pore-wall surface engineering[124]. The PSM 

followed a copper(I) catalyzed azide-alkyne cycloaddition (CuACC) click 

reaction between the alkyne and an azide group to obtain 20 different COFs 

for CO2 capture and separation applications. It was found that COFs 

functionalized with amines showed the best performance due to the solid 

(a) (b)

(c)

Pd/COF-LZU1

COF-LZU1

COF-LZU1

Pd/COF-LZU1
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acid-base interactions with CO2, compared to the lower capacities obtained 

for COFs with alkane chains (Figure 14c). In general, imine-based COFs 

present more affinity towards acidic gasses due to the essential nature of this 

linkage. 

 

 

 
Figure 14. (a) Schematic of pore surface engineering of imine-based COFs via click reactions; 

(b) pore structures of the COFs with the different functional groups (C: grey; N: blue; O: red). 

(c) Carbon dioxide adsorption capacity of the COFs at 273 (red) and 1 bar. Adapted from 

reference [124]. 

The use of PSM to prepare COFs with improved affinity towards water 

pollutants has been thoroughly reported for their potential implementation 
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in water remediation. In 2018, Sun et al. synthesized an amidoxime-

functionalized material by modification of a nitrile-functionalized precursor 

via treatment with hydroxylamine in methanol to afford the COF-TpDb-AO. 

The COF was able to remove uranium from contaminated water samples, 

reducing the concentration from 1 ppm to less than 0.1 ppb within several 

minutes, thanks to the accessibility of the well-oriented binding sites in the 

1D channels, which facilitated the interaction of amidoxime groups with 

uranium species [125]. 

In the same year, Dichtel and co-workers reported the introduction of amine 

moieties into the pores of an imine-based COF by reducing azide-

functionalized ethylene glycol chains present in the parent network. Various 

COFs with different azide molar ratios were prepared, X%[N3]-COFs (X% = 

azide loading), and subsequently reduced with triphenylphosphine in 

methanol to the corresponding X%[NH2]-COFs. The 20%[NH2]-COF exhibited 

the highest capacity towards an organic micropollutant, 2-propoxypropionate 

(GenX), at high concentrations. Meanwhile, 28%[NH2]-COF displayed the 

most rapid and the highest uptake of GenX and 12 others per- and 

polyfluorinated alkyl substances (PFAS) at environmentally relevant 

concentrations [126]. 

1.3. Processability of COFs 

Despite the remarkable properties highlighted previously and their vast 

potential for numerous applications, COFs cannot commonly be employed as 

they are synthesized. Thus, COFs must be processed to be suitably shaped, 

placed, and oriented according to the target technologyΩǎ ǎǇŜŎƛŦƛŎ ƴŜŜŘǎ. In 

addition to their insolubility, they exhibit poor dispersibility and low substrate 

adhesion, severely hindering their processability. In recent years, many 
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studies have centered on shaping COFs, resulting in numerous advances in 

this field [127]. 

1.3.1. Engineering shaping 

The most straightforward way to process COFs would be to shape the as-

synthesized solid powder as pellets. Given the low mechanical resistance of 

COFs, the material's crystallinity and porosity could be compromised 

depending on the applied pressure. If the applied pressure is carefully 

controlled, it can yield COF pellets with retained crystallinity and alignment of 

the layers parallel to the flat surface area of the pellet in the case of 2D-COFs. 

More sophisticated strategies for obtaining COF objects without additional 

support have recently been linked to novel synthetic procedures [128]. 

According to Banerjee and co-workers, the first example of molding COFs into 

macroscopic objects was achieved by subjecting a b-ketoenamine COF, TpPa-

1, to a procedure analogous to the ancient terracotta process [98]. This 

involved mixing the amine building block with p-toluenesulfonic acid and the 

subsequent grounding with the aldehyde and a small amount of water to 

create a dough that, after baking, resulted in an ultra-porous and crystalline 

material. The method allowed the usage of molds to shape the dough into 

centimeter-sized COF pieces (Figure 15a). The same group later reported a 

similar process in which the catalyst was mixed with sodium bicarbonate to 

produce constant effervescence of CO2. This allowed them to synthesize 

hierarchically porous COF foams via a gas-foaming technique. Disordered 3D 

nanostructures were constructed from 2D layered crystallites to give COF-

foams where both micropores and macropores coexist, synergistically 

favoring fast diffusion of guests through the interconnected pore network, 

helping ultrafast adsorption of pollutants from water [129]. 
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Figure 15. (a) Representation of COF processing into sculpture via the terracotta process. (b) 

Representation of COF hollow tubes and cylinders fabrication using the terracotta technique. 

Adapted from reference [98]. (c) Representation of the synthesis and 3D printing of COF-GO 

foams. The mixture of COF precursors, water, and graphene oxide forms a hydrogel used for 

3D-printing. (d) Space-filled model of TpBD COF. (ei) X-ray microtomography of 3D-printed 

TpBD foam. Showing the presence of macropores in the COF-GO foam; (eii) a SEM image of the 

TpBD foam monolith, displaying the macropores in the matrix; and (eiii) graphical 

representation of the macroporous foam. (fi) Photograph of a 3D-printed self-supported nine-

pore COF-GO foam grid. Size of 2.3 × 2.3 cm. (fii) Graphical representation of the nine-pore 

COF-GO foam grid. Adapted from reference [130]. (g) Representation of the COF aerogel 

synthesis using TAPB-BTCA-AGCOF as a representative example of a macroscopic aerogel 

monolith. Scale bar: 0.5 cm. Adapted from reference [133]. 
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The addition of graphene oxide (GO) as a foaming agent to create disordered 

macro and mesopores in COF-GO foams was also reported (Figure 15eiii). This 

allowed the 3D printing of COF-GO robust objects to remove organic and 

inorganic pollutants from water [130]. The addition of other types of 

materials has been reported for the obtention of hierarchical 3D COF 

macrostructures, such as reduced graphene oxide (rGO) [131] and Pluronic 

F127 [132]. 

Following the research to introduce hierarchical porosity in COFs, in 2021, our 

research group developed a novel procedure for the obtention of 

macroscopic ultralight aerogel monoliths of COF. The reaction was conducted 

under mild conditions, using only glacial acetic acid as the catalyst and 

reaction solvent, to form a COF gel immediately at room temperature (Figure 

15g). The synthesis was performed within a mold, and the shape was retained 

after soft activation through scCO2 drying, affording a COF monolith featuring 

micropores, mesopores, and macropores, which performed with outstanding 

efficiency towards toluene removal in water [133]. 

1.3.2. Thin films 

The preparation of COF thin films has commonly been associated with 

electronic applications. Nonetheless, the growth in environmental 

consciousness has raised the research into thin films for separation and 

filtration processes. 

Thin films can either be self-standing or supported on a substrate. The 

LangmuirςBlodgett (LB) method is a potential procedure for fabricating COF 

thin films with large dimensions and tunable thicknesses at the molecular 

scale (Figure 18e). The obtained film can be transferred onto diverse support 

surfaces. In 2018, Shinde et al. reported a synthesis at the water-air interface 

of the first crystalline 2D-COF membrane with a thickness equivalent to 4 unit 
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cells. The formation of the b-ketoenamine linkage between Tp and 9,9-

dihexylfluorene-2,7-diamine took place on the surface of the water through 

the compression of the surface layer after the addition of the catalyst, 

trifluoroacetic acid (TFA). The resulting thin film was deposited onto a porous 

support of anodic aluminum oxide and further tested for organic solvent 

nanofiltration thanks to its notable permeability [134]. 

Thin film syntheses of COF at the liquid-liquid interface have been more 

extensively reported. The reaction involves an interfacial polymerization (IP), 

an approach widely used to prepare polyamides and polyester thin films due 

to its scalability and the possibility to produce selective layers (from 50 to 250 

nm) with outstanding permeation to water (Figure 18d). Banerjee and co-

workers were pioneers in preparing free-standing imine-based COF thin films 

at the water-organic interface at room temperature [135]. The 

polymerization took place at the dichloromethane-water interface involving 

the amine with p-toluenesulfonic acid (PTSA) salt as the catalyst and 

substitute of free amine in the aqueous phase and the aldehyde in the bottom 

organic phase (Figure 16). The formation of the nanoporous defect-free thin 

films was followed via scanning electron microscopy (SEM), revealing an 

initial phase of fiber formation, followed by their assembly into sheets to yield 

the film [114]. 
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Figure 16. (a) Schematic representation of the interfacial crystallization process used to 

synthesize the Tp-Bpy thin film. (b) Proposed mechanism of the COF thin film formation. (c-f) 

SEM images of materials obtained at different stages (fiber formation, assembled fibers, and 

sheet formation) of thin film formation, respectively. Adapted from reference [135]. 

Similarly, Dichtel and colleagues reported the synthesis of large-area (several 

cm2), continuous self-standing COF membranes with tunable thicknesses 

from 100 m˃ to 2.5 nm. For this, both monomers, 1,3,5-tris(4-

aminophenyl)benzene (TAPB) and terephthalaldehyde (PDA), were dissolved 

in the organic phase while a Lewis-acid catalyst, Sc(OTf)3, was dissolved in the 

aqueous phase. The obtained TAPB-PDA-COF thin film was transferred onto 
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polyethersulfone (PES) supports to be tested in dye removal from wastewater 

[136]. 

To avoid the difficulty of transferring the thin film layer to supports, Mariñas 

and co-workers grew multi-active layers of COF (1, 3, and 6 layers thickness, 

10 nm per layer) through IP of PDA and TAPB monomers near the surface of 

a PES ultrafiltration membrane support. First, a certain amount of an aqueous 

solution containing the catalyst, Sc(OTf)3, was added on top of the PES 

support, followed by carefully adding the monomers in a mixture of organic 

solvents. After the IP, the solvents were removed by suction, and the thin COF 

film was deposited directly on the support [137]. 

Wang et al. developed a new methodology based on IP to carry the formation 

of the active layer directly on the polymeric substrate (Figure 17). The 

synthesis was under mild conditions and consisted of the impregnation of a 

polysulfone (PSU) support, first with a solution of the aldehyde, Tp, dissolved 

in n-hexane and later with an aqueous acetic acid solution containing the 

amine, p-phenylenediamine (Pa). The permselective TpPa/PSU composite 

membranes were obtained after 1 minute reaction [138]. This method was 

recently used by Su et al. for the synthesis of COF-LZU1/PES composite 

membranes for dye/salt separation processes with excellent rejection (> 99%) 

for dyes and very low rejection for ion salts (< 12 %) [139]. 
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Figure 17. (a) Schematic illustration for preparing the TpPa/PSU composite membranes via IP. 

(b) Physical appearance of the as-synthesized TpPa/PSU composite membrane. Adapted from 

reference [138]. 

Another strategy for the preparation of COF thin films on top of substrates 

was designed by Wang and co-workers. The procedure known as 

unidirectional diffusion synthesis involves using a diffusion cell divided into 

two parts separated by the porous support (Figure 18b). One of the sides of 

the diffusion cell contains one monomer, while the other COF precursor and 

the catalyst are located inside the other. The unidirectional diffusion flow 

occurs due to the concentration gradient or the substrate's permeability, 

causing the formation of a thin COF film [140]. Following this method, they 

fabricated a TpPa membrane onto a (polyvinylidene fluoride) (PVDF) porous 

support. An aqueous solution with the catalyst and the amine was located on 

one side of the diffusion cell, and the aldehyde in n-hexane was on the other. 
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The diffusion occurred since the amine molecules could pass through the 

PVDF support and react with the aldehyde molecules to give rise to the 

TpPa/PVDF membrane. These thin films exhibited excellent performances for 

dye removal thanks to the excellent adhesion between COF layers and 

support. Later, these authors applied a secondary growth to this procedure 

to obtain defect-free Tp-Hz COF thin films for desalination [141]. 

 

 

Figure 18. Schematic diagrams of the different COF-based thin film and membrane preparation 

strategies. 
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1.3.3. Membranes 

In the pursuit of searching for alternatives to the existing polymeric 

membranes employed in water treatment and gas separation technologies, 

various methods have been reported for the preparation of COF-based 

membranes. These approaches can be divided into different categories based 

on whether the COF is deposited on a surface (i.e. porous support), as a self-

standing membrane, or as a hybrid membrane where the COF serves as a filler 

of a polymer matrix, resulting in mixed matrix membranes (MMMs) or thin 

film nanocomposites (TFNs), which consist of an active layer of polyamide 

(PA) (~100 nm thickness) on top of a porous substrate. 

Membranes can be prepared via different methods. Generally, the COF is 

supported on the surface of a polymeric substrate in the form of a layer. This 

can be achieved by in situ growth of the COF directly on the selected surface, 

as Hao et al. first reported in 2014 [142]. This method first involved the 

functionalization and modification of the surface of a porous a-Al2O3 support 

with 3-aminopropytriethoxysilane (APTES) and 4-formylphenylboronic acid 

(FPBA). By dehydration reaction between the boronic acid on the surface and 

the building blocks, a COF-5 membrane formed under microwave conditions. 

Similarly, Fan et al. [143] prepared an imine-linked COF-LZU1 membrane with 

400 nm thickness on the outer surface of a modified a-Al2O3 ceramic support 

by in situ solvothermal synthesis in a Teflon tube (Figure 18a). This membrane 

had excellent water permeance and rejection rates of more than 90 % for 

various water-soluble dyes. 

Polymeric supports have also been explored in the preparation of COF-based 

membranes. In 2019, Pan et al. [144] reported the growth of a continuous 

imine-based COF TpPa-1 layer on a functionalized polyacrylonitrile (PAN) 
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under room temperature conditions. These supports require mild conditions, 

are cheaper and easier to handle than alumina. 

Another approach for preparing COF membranes directly on specific supports 

is via the vacuum-assisted self-assembly method (Figure 18f). Previous steps 

like chemical or mechanical exfoliation commonly involve obtaining 2D-COF 

nanosheets from the bulk material. The vacuum filtration of these nanosheets 

results in a COF membrane. The mechanical stability of the membranes tends 

to be poor due to the weak ̄- ̄  interactions between the COF nanosheets. In 

2019, Yang et al. prepared a series of COF composite membranes from the 

mixing of 2D-COF nanosheets and 1D cellulose nanofibers (CNFs), followed by 

their vacuum filtration on a polyacrylonitrile (PAN) substrate (Figure 19a). 

 

 

Figure 19. (a) Schematic illustration showing the vacuum-assisted self-assembly and the mixed-

dimensional nanostructure. (b) Surface SEM image of the TpTGCl@CNFs-5/PAN membrane 

όǎŎŀƭŜ ōŀǊΣ м ˃Ƴύ ƛƴǎŜǊǘŜŘ ǿƛǘƘ ŀ ŘƛƎƛǘŀƭ ǇƘƻǘƻ ƻŦ ǘƘŜ ƳŜƳōǊŀƴŜ όǎŎŀƭŜ ōŀǊΣ м ŎƳύΦ (c) Cross-

sectional SEM image of the TpTGCl@CNFs-рκt!b ƳŜƳōǊŀƴŜ όǎŎŀƭŜ ōŀǊΣ м ˃Ƴύ ƛƴǎŜǊǘŜŘ ŀ 

ǘǿŜŜȊŜǊ ōŜƴǘ ƳŜƳōǊŀƴŜ ǇƘƻǘƻ όǎŎŀƭŜ ōŀǊΣ м ŎƳύΦ (d) Cross-sectional TEM image of the 

TpTGCl@CNFs-р ƳŜƳōǊŀƴŜ όǎŎŀƭŜ ōŀǊΣ рл ƴƳύ. Adapted from reference [145]. 
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CNFs were well integrated within the COF nanosheets thanks to electrostatic 

interactions between the negatively charged carboxyl groups on CNFs and the 

positively charged guanidine groups on TpTGCl. The good compaction of both 

structures yielded a uniform, flexible, and stable membrane with pore sizes 

between 0.45 ς 1 nm, used for separation processes such as alcohol 

dehydration and dye and salt rejection [145]. 

In contrast to the preparation of membranes on substrates, free-standing 

membranes only containing COF have also been investigated for potential 

separation purposes. The membrane's mechanical properties must be 

carefully considered to ensure successful outcomes due to the absence of 

either substrate or polymeric matrix. 

In this sense, Banerjee and col. prepared flexible, continuous, and crack-free 

b-ketoenamine COF membranes with thicknesses between 200 to 700 ˃m 

through a solution casting procedure (Figure 18c). The synthesis involved the 

already mentioned terracotta method, where a COF dough containing the 

reagents was knife-cast on a glass plate and further baked at 60 ς 120 ºC. The 

membrane was peeled off using distilled water and acetone and tested for 

molecular sieving. This is an affordable and effective strategy for the 

obtention of b-ketoenamine COF membranes on a large scale with tunable 

thicknesses (Figure 20b-c) [146]. 

In pursuing alternative procedures for the obtention of COF membranes, our 

research group developed a straightforward compression method of aerogels 

into free-standing membranes. Taking advantage of their low density, high 

crystallinity, porosity, and outstanding exceptional properties, they can be 

compressed into self-standing membranes with optimal pressure. These 

membranes displayed thicknesses between 50 ς сл ˃Ƴ ŀƴŘ ǿŜǊŜ ŜǾŀƭǳŀǘŜŘ 

by N2 adsorption-desorption experiments, confirming the porosity was 
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retained after the compression. The membranes showed great results 

towards gas uptake and good selectivity, with higher CO2 permeability and 

separation performance than commercial materials [147]. 

 

 
Figure 20. Experimental PXRD pattern of (a) M-TpBD and (d) M-TpTD compared with that 

derived from simulated eclipsed stacking models. (c) (b) 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) cross-section; (g) (k) zoomed view; 

(h) (l) AFM images showing the surface roughness recorded on the top of a silicon wafer. [Scale 

ōŀǊǎΥ όŜύ όƛύ р ˃ƳΤ όŦύ όƧύ рл ˃ƳΣ ŀƴŘ όƎύ όƪύ ȊƻƻƳŜŘ ǾƛŜǿ мл ˃ƳϐΦ !ŘŀǇǘŜŘ ŦǊƻƳ ǊŜŦŜǊŜƴŎŜ [146]. 

Finally, MMMs are an alternative approach to COF-supported and self-

standing pure COF membranes. Polymer 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 trade-off phenomenon, making 

achieving optimal permeability and selectivity simultaneously challenging. In 

response to this challenge, MMMs have emerged as a solution. The 

performance of MMMs hinges on the inherent properties of the porous fillers 

they incorporate. The preparation of COF-based MMMs primarily employs 
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two methods: solvent evaporation phase separation and nonsolvent-induced 

phase separation. 

In 2016, Biswal et al. reported a new methodology for fabricating self-

supported COF@polymer hybrid membranes with good flexibility and high 

thermal and chemical stabilities. They selected two isoreticular COFs (TpPa-1 

and TpBD) as fillers to be incorporated into the polymer, a substituted 

polybenzimidazole (PBI-BuI) matrix. The membrane was obtained by mixing 

the COF nanoparticles with the polymer in N,N-dimethylacetamide (DMAc), 

followed by solution casting and further solvent evaporation [148]. 

Following a completely different procedure, Jiang and co-workers reported 

the preparation of PA-rCON MMMs for the first time using COF nanosheets 

(CONs) as reactive fillers with polyamide (PA) via IP, simultaneously forming 

the membrane with the PA layer (Figure 18g). The -NH2-functionalized rCONs 

were suspended in a piperazine (PIP) aqueous phase and poured onto a PES 

substrate, followed by the slow addition of an n-hexane solution containing 

trimesoyl chloride (TMC) (Figure 21a). The rCONs formed hydrogen bonds 

with PIP in the aqueous phase, enhancing the viscosity and decreasing the 

diffusion rate during IP. Furthermore, the chemical cross-linking 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 groups to the PA 

matrix (Figure 21b). The rCON simultaneously modifies the physical and 

chemical structures of PAςrCON membranes. Several membranes with 

different rCON loadings (0, 1, 3, 5, 7 wt %) were prepared (PA, PAςrCON1, PAς

rCON3, PAςrCON5, PAςrCON7), and the PAςrCON5 membrane exhibited the 

best properties in terms of flux and desalination performance. The resulting 

membrane was tested for nanofiltration applications in water desalination 

[149]. The usage of CONs-based MMMs for desalination applications has also 
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been reported using other types of polymers, such as polysulfonamide (PSA) 

[150] or PAN [151]. 

 

 

Figure 21. (a) Schematic of fabrication of the PAςrCON membrane. Hydrogen bonding between 

PIP and rCON before IP and chemical cross-linking between rCON and TMC during IP are shown. 

The free-standing PAςrCON membrane transfer to the PES support to obtain the PAςrCONςPES 

composite membrane is also shown. (b) Contact angle measurements of PA and PAςrCON 

membranes with the increasing rCON concentration. (c) FTIR of PES (red), PAςPES (black), and 

PAςrCON5 (blue) membranes and the corresponding vibration stretching frequency. (d-f) SEM 

of membranes: cross-section of (d) PA, (e) PAςrCON3, and (f) PAςrCON5. Adapted from 

reference [149]. 
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1.3.4. Composites 

COFs can also be processed by mixing with other materials to give hybrid 

materials other than membranes or thin films. Similarly, this procedure allows 

the obtention of materials endowed with combined functionalities and 

properties from the different components, which may result in synergistic 

effects. Combining COFs with extended ̄  systems, such as other COFs or 

carbon nanotubes (CNTs), results in strong covalent interactions. It has been 

proven that synthesizing COFs in the presence of CNTs grows around them 

[152]. The resulting materials exhibit combined properties featuring the 

redox properties of the COF with the good electrical conductivity of the CNTs 

[153], which are very promising for electrochemical sensing or energy storage 

potential applications. 

COFs have also been combined with their metal-organic counterpart, MOFs. 

The first reported MOF@COF core-shell composite was prepared via a two-

step procedure (Figure 22a). First, the MOF, NH2-MIL-68, was functionalized 

with the aldehyde monomer of the TPA-COF to give NH2-MIL-68(CHO) and 

followed by a second step, where the COF grew by condensing the aldehyde-

functionalities with the amine monomer around the MOF, yielding NH2-MIL-

68@TPA-COF (Figure 22d). This core-shell hybrid material displayed better 

photocatalytic activity than the MOF alone and was tested for efficient 

organic pollutant degradation [154]. Different MOFs@COFs have been 

prepared for the degradation of contaminants in water. In 2020, Lv et al. 

synthesized MIL-101-NH2@TpMA and UiO-66-NH2@TpMA photocatalysts via 

a one-step hydrothermal method with the introduction of C3N4 units that act 

as visible-light active centers facilitating the generation of photo-produced 

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 nitrogen-rich functional groups [155]. 
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Figure 22. (a) Schematic illustration of the synthesis of NH2-MIL-68@TPA-COF hybrid material. 

(b) Small and wide-angle X-ray scattering (SAXS/WAXS) patterns of NH2-MIL-68@TPA-COF, 

simulated TPA-COF, and simulated NH2-MIL-68. (c) SEM image of NH2-MIL-68 alone with rod-

like morphology. (d) SEM image of NH2-MIL-68@TPA-COF in which sheet-like TPA-COF grew on 

the surface of NH2-MIL-68. Adapted from reference [154]. 

The use of polymers has been interestingly studied to shape COFs to give 

other kinds of macroscopic objects like spheres or beads. Zhou et al. prepared 

a composite material by co-immobilization of a polyethylene glycol (PEG)-

modified photocatalytic COF, PEG@CTF-OMe, with laccase into Cu doping 

calcium alginate gel beads, yielding (Ca/Cu-PEG@CTF-OMe-lac). The 

prepared composite exhibited good photo and enzymatic synergistic catalysis 

ability for high-efficiency degradation of various phenolic pollutants [156]. 

An emerging processing methodology involving encapsulating porous 

materials within a non-porous polymer matrix through spherification has 

emerged to produce COF@composite beads [19]. The procedure is quite 
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simple: both the polymer (e.g., polysulfone, polyvinylidene difluoride, 

polyehtersulfone) and the porous material are dispersed in an organic 

solvent, conventionally N,N-dimethylformamide (DMF), N,N-

dimethylacetamide (DMAc), or N-methylpyrrolidone (NMP). Once the 

mixture is well homogenized, it is drop-casted 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. This method directly 

yields a product 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 of their already mentioned outstanding properties, high porosity, 

highly organized structures, chemical stability, tunable pore sizes, and surface 

properties combined with the wide variety of available processing 

possibilities, COFs have been applied for gas separation and gas storage [157], 

[158], catalysis [122], [159], chemical sensing [160], and energy storage [161], 

[162], among others. The potential versatility of COF in water remediation 

applications has recently generated considerable attention in the field.  

Their tunable pore size and hydrophilicity make COF-based thin films or 

MMMs promising candidates for desalination or selective organic pollutants 

removal from aqueous media. Likewise, COF powders with tunable surface 

properties, resulting from the incorporation of different functionalities on the 

organic framework, are promising for selective metal ion detection and 

adsorption. 

1.4.1. Wastewater treatment 

As mentioned, some primary water pollution sources are the textile and dye 

industries. Two main approaches for removing dyes using COFs are 
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membrane technology, via nanofiltration using COF-based thin films or mixed 

matrix membranes, or through adsorption processes directly with the COF 

material. Li et al. developed two free-standing COF membranes via IP with 

tunable pore sizes (from 1 to 0.6 nm) by modifying the 2D-COF layer stacking 

from AA (FS-COM-2) to AB (FS-COM-1). The membranes were studied in 

rhodamine B (RhB) filtration and 14 cations. As expected, FS-COM-1 retained 

all cations and RhB, while in FS-COM-2, they could pass through [163]. 

Other membranes have been reported for selective dye separation. Fan et al. 

prepared a high-flux membrane via in situ growth of COF-LZU1 onto an Al2O3 

tube substrate. The membrane showed a water flux of 760 L m-2 h-1 MPa-1, 

more than doubling commonly reported membranes (~300 L m-2 h-1 MPa-1), 

and was studied for the nanofiltration of five different dyes: chrome black T 

(CB), methyl blue (MB), acid fuchsin (AF), Congo red (CR), and rose Bengal 

(RB). It particularly exhibited high rejection rates towards MB and CR of 99 

and 98 %, respectively (Figure 23b). These rates were maintained during 80 h 

of operation time, showing the high mechanical stability of the membrane 

(Figure 23c). Also, this membrane could be used in saline samples since it was 

non-selective for hydrated salt ions [143]. 

 

 

Figure 23. (a) Digital photographs of the original Al2O3 tube and tubular COF-LZU1 membrane. 

(b) Permeance and rejection of tubular COF-L ZU1 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 tubular COF-LZU1 membrane in long-time nanofiltration 

of chrome black. Operating pressure 0.5 MPa; dye concentration, 100 mg L-1; room 

temperature. Adapted from reference [143]. 
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Dye removal from water has been performed using COF aerogels, too. Zhu et 

al. studied two different imine-based COF aerogel monoliths, TAPB-TFPA and 

TAPB-OMePDA, for the removal of organic and inorganic micropollutants, the 

already mentioned MB and CR, and some others, such as methylene blue 

(MLB), methyl orange (MO), and gold nanoparticles (Au NPs). The best 

uptakes were obtained towards MB and MLB, 99 % and 97 % respectively 

[164]. Furthermore, these monoliths were investigated in organic solvent 

absorption processes. The largest absorption capacities obtained for TAPB-

TFPA were towards dichlorobenzene and chloroform, and dioxane and 

dichlorobenzene in the case of TAPB-OMePDA, which was maintained 

through 10 consecutive cycles. Additionally, our research group reported 

using 3 monolith aerogels as a proof-of-concept for removing toluene from 

contaminated water, showing large adsorption capacities and good 

regeneration of the aerogel during 10 cycles [133]. 

1.4.2. COF-based membranes for desalination 

Desalination research commonly involves the use of TFNs. Nonetheless, the 

demand for TFN nanofiltration membranes bearing good water permeance 

and significant salt rejection is ever-increasing in desalination processes. In 

this sense, Jiang and co-workers grew an ultrathin PA layer (<10 nm thickness) 

by IP of piperazine (PIP) and TMC on a PES membrane. 2D CONs were 

previously deposited on the PES support by vacuum-assisted self-assembly. 

The highly porous and super hydrophilic TpPa-1 nanosheets enabled the 

homogeneous diffusion of the PIP monomers on the surface of the loaded 

PES, resulting in an improvement in the assembly of TMC during the 

formation of the PA layer. The optimum CONs concentration was found to be 

0.5 mg, resulting in a PA layer of ~7 nm thickness, which gave rise to a water 

flux of 535.5 L m-2 h-1 MPa-1 and a rejection for Na2SO4 of 94 % [165]. 



1.4.2. COF-based membranes for desalination 

62 
 

Alternative solutions have been reported by Li and col., who developed a 

positively charged TFN membrane with outstanding separation performance 

in desalination and acid conditions. Hydrophilic triazine-structured COF 

nanosheets (NENP-1) were added to a polysulfonamide (PSA) via IP to 

fabricate the composite membrane. A loading of 0.1 w/v % of COF nanosheets 

increased the water flow and MgCl2 rejection rate due to their hydrophilicity 

nature and porosity (Figure 24b). The rejection of other inorganic salts was 

explored, and the following order was obtained: CaCl2 (94.9 %) > ZnCl2 (93.8 

%) > MgCl2 (93.3 %) > Pb(NO3)2 (92.4 %) > MgSO4 (90.2 %) > NaCl (58.2 %) > 

Na2SO4 (54.3 %) [150]. 

 

 
Figure 24. (a) Schematic illustration of separation process for NENP-1-PSA/PES nanocomposite 

membrane. (b) Permeation flux and MgCl2 rejection of N-3 membrane with different operation 

times. (c) Permeation flux and salt rejection of N-3 for separating different salts (1 g L-1 aqueous 

solution, 25 ºC). Adapted from reference [150]. (d) Desalination performance of the PA and 

PAςrCON membranes, (e) flux and Na2SO4 rejection of the PAςrCON5 membrane at prolonged 

operation time, (f) different salt rejection of the PA and PAςrCON5. Adapted from reference 

[149]. 

The above-mentioned PA-rCON MMM, consisting of reactive CONs as fillers 

of PA, was tested for desalination. The performance of the membrane was 
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studied at different rCON loadings, showing an enhancement in flux as the 

loading increased, reaching a maximum for 5 wt % rCONs with 46.5 L m-2 h-1 

bar-1, which was 6.8 times higher than the pristine PA and a rejection rate for 

Na2SO4 of 93 % (Figure 24d). Other inorganic salts were studied and rejection 

resulted in the following order: Na2SO4 > MgSO4 > MgCl2 > NaCl [149]. 

1.4.3. COFs for degradation 

Apart from separation processes based on membrane filtration or adsorption, 

a frequently employed technique involves using advanced oxidation 

processes (AOPs) to degrade these organic pollutants in wastewater. 

Photocatalysis has gained importance due to its remarkable efficiency and 

energy-saving capabilities. Many COFs have been studied for catalytic 

degradation applications. In 2019, Wang et al. developed a novel catalyst for 

the reduction of NACs into aromatic amines. The nitrogen-rich COF, TPHH-

COF, was combined with silver nanoparticles (Ag NPs), which possess high 

efficiency in degrading this kind of water pollutant. Catalytic tests confirmed 

that Ag@TPHH-COF could catalyze the reduction of several NACs, 4-

nitrophenol, 2-nitrophenol, 4-nitroaniline, nitrobenzene, 4-nitrotoluene and 

1-butyl-4-nitrobenzene. The catalyst showed excellent efficiency with a 

conversion frequency (TOF) in the reduction of 4-nitrophenol of 4.150 min-1, 

which was superior to most nanoscale-silver embedded catalysts reported. 

Also, the catalyst maintained 97 % of its initial catalytic capacity after 6 runs, 

confirming its recyclability. The authors also investigated the catalytic 

potential of the material for the hydrogenation reduction of dyes. RhB, MB, 

MO, and CR were selected, and the decolorization times obtained were 270 

s, 120 s, 240 s, and 600 s, respectively [166]. More COF-based photocatalysts 

have been modified with different species of silver, such as silver iodide (AgI), 

as Liu et al. reported a year later [167]. The AgI-modified COF, COF-PD/AgI, 
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was investigated for its application as a photocatalyst in the degradation of 

organic pollutants. The reaction was based on visible-light-driven (VLD) 

photocatalysis, COFs serve as ideal organic semiconductors to provide the 

pathway for electrons (eҍ)-holes (h+) transport due to their ǇŜǊƛƻŘƛŎ ˉ-

conjugated aromatic nature. Previous works demonstrated that 

heterojunction formation could promote the separation of photo-induced 

carriers in VLD photocatalysts, so modification of COFs via heterojunction 

formation has been demonstrated to be a practical approach [168], [169]. 

AgI has a suitable band position and good optical absorption of visible light, 

so the modified COF was expected to show enhanced separation of photo-

induced eҍ and h+ and improved photocatalytic properties. Catalytic studies 

revealed the complete removal of RhB by COF-PD/AgI within 80 minutes, and 

the proposed degradation mechanism was an N-demethylation reaction. The 

catalyst also showed good performance in the degradation of acetaminophen 

(ACTP), an antipyretic drug, within 60 minutes under visible light irradiation. 

The catalyst showed good reusability towards RhB and ACTP, with 97 % and 

99 % removal rates maintained for 4 consecutive removal cycles [167]. Similar 

to the above-mentioned modified-C3N4 MOFs@COFs composite 

photocatalysts, MIL-101-NH2@TpMA and UiO-66-NH2@TpMA. These 

materials showed enhanced photocatalytic performance in the degradation 

of BPA due to the formation of heterojunction at the interface with covalent 

bonds when modified with the nitrogen-rich functional groups. High 

degradation efficiencies were achieved for MIL-101-NH2@TpMA and UiO-66-

NH2@TpMA, with 99 and 82 % removal rates, respectively. Showing good 

recyclability, reaching 83 and 69 % degradation efficiencies, respectively, 

maintained after 5 consecutive cycles [155]. 
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1.4.4. COF for capture and detection 

1.4.4.1. Heavy metal removal 

One of the most toxic heavy metal ions is Hg2+, and its removal from the 

environment and, specifically, aqueous media to avoid bioaccumulation 

problems has been widely investigated. 

In 2017, Merí-Bofí and co-workers developed a thiol-grafted imine-based 

COF, TPB-DMTP-COF-SH. A COF precursor with reactive ethynyl functional 

groups in the walls of 1D pores was used as the platform to incorporate 

triazole groups by post-synthetic modification and further addition of thiol 

moieties via click reaction. The modification of the precursor resulted in a 

framework featuring channels with flexible arms to capture Hg2+ due to the 

high affinity of sulfur atoms and the coordinative nature of triazole groups 

towards this ion. The novel material exhibited the largest adsorption capacity 

to date, with 4395 mg gҍ1 and a retention rate of 99.98 % for Hg2+ in water 

within 2 minutes [170]. 

Different COFs have been developed afterward for Hg2+ removal. However, 

none of them surpassed the adsorption capacity value of the above-

mentioned. Lu et al. synthesized a carboxy-functionalized COF, COOH@COF, 

to remove both Hg2+ and Pb2+ from water. The carboxy group was also 

incorporated into the COF precursor by click reaction. The best performance 

was obtained at pH 6 and room temperature. The maximum adsorption 

capacity was 99.1 mg gҍ1 Hg2+, and the removal rate was maintained above 90 

% during 20 cycles of use [151]. Lead is used in many industries, such as 

mining and smelting, among others. Numerous methods have been 

investigated for its elimination from water, but adsorption has proven to be 

one of the most promising. COOH@COF showed excellent performance 
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towards Pb2+ removal from water with high selectivity. The material exhibited 

larger adsorption capacity values for Pb2+ than Hg2+, with a value of 123.9 mg 

gҍ1 and a removal percentage above 90 %. Also, the material showed high 

reusability, allowing its usage for 20 consecutive cycles and maintaining the 

same adsorption capacity for Pb2+. The same year, Xu et al. reported a COF 

material containing triazine (Tz) and hydroxyl (OH) bifunctional groups, COF-

Tz-OH, which served as a scaffold for Pb2+ ions. Its maximum adsorption 

capacity was huge, with 476 mg gҍ1 Pb2+, exhibiting 99 % removal retention 

within 5 minutes of contact. The high capacity was related to the significant 

amount of chelating sites available from the bifunctional groups grafted in the 

mesopores of the framework. The material showed good recyclability, 

maintaining more than 90 % retention rate after 5 consecutive adsorption 

cycles [171]. 

In addition to the metal ions mentioned, arsenic is probably one of the most 

problematic due to its high toxicity. As3+ adsorbents generally involve using 

iron oxides or amorphous carbons [172]. In 2022, our research group 

reported a FeOOH@Tz-COF nanocomposite for efficient As3+ removal from 

aqueous media. The composite material was obtained following a two-step 

synthesis, where Tz-COF nanoparticles were used as a template for the 

growth of lepidocrocite ό-ɹFeOOH) nanorods. The permanent porosity of the 

COF combined with the high iron oxyhydroxide nanorods' affinity towards 

As3+ resulted in large adsorption capacity, 272 mg g-1 at pH 7, and good 

reusability after 4 consecutive cycles (Figure 25) [173]. 

 

 

 



Chapter 1. Introduction 

67 
 

 

 
Figure 25. (a) TEM image of Tz-COF. (b) Kinetic investigation of FeOOH@Tz-COF. The inset 

shows the pseudo-second-order kinetic plot for the adsorption. (c) As3+ adsorbed by 

FeOOH@Tz-COF at different pH values. (d) Recyclability of FeOOH@Tz-COF for As3+ 

remediation in water.Adapted from reference [173]. 

1.4.4.2. Analgesics and antibiotics 

COFs have also been explored to prepare highly selective materials to remove 

these contaminants. In 2021, Liang et al. developed two COFs with high 

selectivity and adsorption towards three non-steroidal anti-inflammatory 

drugs (NSAIDs) from wastewater. COF-NO2 and COF-NH2 materials were 

prepared from TPB-DMTP-COF precursor via incorporation of -NO2 groups by 

PSM, followed by their reduction to -NH2. The NSAIDs tested: Ketoprofen 

(KTP), Ibuprofen (IBP), and Naproxen (NPX). The nitro derivate showed 

maximum adsorption capacities for KTP, IBP, and NPX of 70, 94, and 80 mg g-

1, respectively. COF-NH2 exhibited less adsorption capacity values, 33, 18, and 

16 mg g-1. Nonetheless, it showed higher selectivity towards KTP than the 

other two contaminants. The adsorption mechanism indicated the interaction 

between COF-NO2 and the NSAIDs was through hydrogen bonds. The 

selectivity of COF-NH2 towards KTP was attributed to chemical interactions 

between the amino groups of the COF and the carbonyl group of KTP, 

involving the formation of hydrogen bonds and acid-base interactions [174]. 

(a) (b) (c) (d)
































































































































































































































































































































