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Abstract  

Preparing materials into membranes and adsorbents that are stable in harsh environments 

such as organic solvent nanofiltration requires the use of toxic solvents and aggressive 

crosslinking procedures. Alternative separation materials are needed to reduce the 

environmental impact of their manufacturing processes. This thesis explores various 

renewable materials and green solvents as well as advanced materials such as graphene 

oxide (GO) and polymer of intrinsic microporosity (PIM-1) to more sustainable and 

chemically stable membranes and adsorbents. 

Incorporating small quantities of PIM-1 and GO (i.e., 1 wt%) into the matrix of cellulose 

acetate (CA) resulted in nanocomposite hydrogels with adsorption capacity as high as 20 

mg g−1 and fast kinetic behaviour toward various dilute concentrations of neonicotinoid 

insecticide pollutants. The adsorption process was optimised so that the prepared hydrogels 

can be easily regenerated using low-energy ultrasound with high pure water yield (up to 

90%).  

Thin-film composite (TFC) membranes with an ultra-thin selective layer (approx. 30 nm) 

were successfully prepared via interfacial polymerisation using renewable monomers (i.e., 

priamine and tannic acid) and green solvent (i.e., p-Cymene and water). The TFC 

membranes exhibited solvent-resistant property and controllable molecular weight cutoff 

(MWCO) between 236 and 795 g mol−1 by changing the concentration of the monomers in 

the interfacial polymerisation process.  

In addition, nanofiltration membranes were prepared from date seed biomass using a green 

co-solvent system comprising 1-butyl-3-methylimidazolium acetate and dimethyl 

sulfoxide. The date seed membranes were chemically stable and promoted successful 

layering of bio-inspired polydopamine (PDA) coating. The molecular sieving property of 

the membrane was controlled by increasing the PDA deposition time and deposited layers, 

which enabled the decrease in the MWCO value as low as 517 g mol−1.  

Further, optimising the blend of chitosan and cellulose to enhance the compatibility 

between the two components resulted in solvent-resistance, highly hydrophilic membranes 

with high separation performance, because of the favourable entanglement of chitosan in 

between cellulose chains as demonstrated by molecular modelling. The water permeance 

and oil-removal efficiency were 38 L m−2 h−1 bar−1 and 98.6%, respectively. 
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Thesis structure  

This thesis is written in a journal article format, formerly recognised as “alternative format” 

following the Presentation of Theses Policy by the University of Manchester guidelines.  

The chapters (excluding Chapters 1 and 2) are presented in independent formats, having 

the same outline as the appropriate published manuscript. The thesis is structured as the 

following:   

Chapter 1 provides an overview of the research including the motives behind it and the 

objectives.  

Chapter 2 introduces the reader to the main body of this thesis, including background 

information about the research topics of liquid-phase separation technologies, 

sustainability, bio-based separation materials, and their commercial status.  

Chapter 3 is a book chapter focuses on nanofiltration membranes, which was published 

under the title “Polymer-based nanofiltration membranes”. It discusses the relevant 

literature, preparation methods, challenges and opportunities for commercialisation. 

Chapter 4 includes the published article entitled “Architecting neonicotinoid-scavenging 

nanocomposite hydrogels for environmental remediation”. This work demonstrates a 

sustainable process for scavenging neonicotinoids in aqueous environments; a practical 

application was successfully demonstrated in groundwater treatment of the Adyar river in 

Tamil Nadu, India.  



 

11 
 

 

  

Chapter 5 includes the published article entitled “Hydrophobic thin film composite 

nanofiltration membranes derived solely from sustainable sources”. In this work, advanced 

TFC membranes were successfully prepared using monomers derived from sustainable 

renewable sources, green solvents, and recycled polyethylene terephthalate (PET) from 

waste bottles.  

Chapter 6 includes the published article entitled “Upcycling agricultural waste into 

membranes: from date seed biomass to organic solvent nanofiltration and produced water 

treatment”. The work demonstrates the potential of utilising waste biomass and PDA 

coating for organic solvent nanofiltration (OSN) and oily wastewater treatment.  

Chapter 7 comprises the published article entitled “Fabrication of sustainable organic 

solvent nanofiltration membranes using cellulose–chitosan biopolymer blends”. In this 

work, cellulose and chitosan were used to prepare robust membranes to withstand high 

temperatures and harsh solvents such as N,N-dimethylformamide (DMF) for OSN 

applications. 

Chapter 8 provides conclusions and future perspectives of the research presented in the 

thesis.  

Appendix summarises the achievements, training and development of the author.  

Rationale of submitting in alternative format 

The rationale for submitting the thesis in journal article format is to improve the quality of 

research via the peer-review process. Although the process was time-consuming, the 

monitoring and the feedback from peers in the same research field helped construct this 

thesis. Moreover, the research projects presented in Chapters 3-7 have been the outcome of 

collaborative efforts with multiple international research groups, a truly interdisciplinary 

work, which enhanced the quality of research and resulted in joint publications in high-

impact journals. 

Chapter 1 

1. Research motivation, hypotheses, objectives and 

methodology    
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1.1 Motivation and hypotheses 

We are witnessing rapid growth in all sectors of the economy since the industrial revolution. 

When you look closer, you find that separation process is an essential part of almost all the 

industrial sectors, especially liquid-phase separation. Non-thermal separation technologies 

(that require no phase change) have grasped the most attention for being the best sustainable 

solution compared to the other conventional technologies (e.g., distillation) owing to the 

sustainability benefits that it provides such as relatively small footprint and low energy 

consumption. However, the fabrication procedures of membranes and adsorbents are far 

from sustainable. The motive of this research stems from the need of having sustainable 

materials that have advanced separation properties to replace fossil fuel-based materials 

and minimise waste generation. The author of this thesis saw potential in developing 

advanced materials from his home country (Saudi Arabia) such as the biomass of date seeds 

and waste shrimp shells. In addition, studying at the University of Manchester introduced 

the author to several advanced materials like PIMs and graphene, which were used in this 

thesis to improve the separation property and stability of the bio-based materials (i.e., 

cellulose acetate).  

The hypothesis is that the insolubility of some natural materials such as cellulose, chitosan, 

and lignocellulosic biomass in common organic solvents can be advantageous to develop 

separation materials for harsh conditions such as required for OSN. This can tackle the 

issues related to conventional fabrication procedures that often involve crosslinking the 

polymers and additional modification steps to improve their rigidity and solvent resistance. 

Moreover, the presence of several hydroxyl groups in cellulosic materials allows surface 

modifications to engineer its properties for specific separations such as the removal of 

organics in aqueous medium. 

1.2 Objectives 

The aim of this thesis is to develop membranes and adsorbents that have both improved 

separation performance and chemical stability for liquid separations using green(er) 

solvents and biologically sourced or recycled materials with minimised waste generation.   

The following tasks have been set to achieve the aim of this thesis:  

1.  Reviewing the literature to identify the starting bio-based materials and the green 

solvents. 
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2.  Developing experimental approaches of transforming the starting materials into a 

membrane-like or adsorbent-like morphology suitable for liquid-phase separations. 

3. Evaluating the separation performance of the developed membranes and adsorbents. The 

developed membranes should have tuneable sieving property (MWCO in the range of 

100−1000 g mol−1), while maintaining high permeance (at least 6 L m−2 h−1 bar−1)[1] as 

well as stability in polar aprotic solvents, oily and saline water streams. Adsorbents should 

outperform previously reported adsorbents such as activated carbon for the specific 

separation, which include having higher adsorption capacity, more favourable kinetics and 

higher number of adsorption-regeneration cycles.  

4. Conducting a systematic study using several different characterisation methods to 

investigate the relationship between the separation performance of the developed 

membranes/adsorbents and their structure, transport mechanism, chemistry and 

morphology.  

1.3 Methodology 

1.3.1 Separation performance  

Membranes: The separation performance of a membrane is assessed using two metrics, 

which are permeance and rejection. Permeance (permeability) demonstrates how fast or 

efficient the separation is, defined as the volume of solute and/or solvent (V) per unit 

effective area (A) over time (t) normalised by the applied pressure (∆𝑃) as demonstrated in 

Eq. (1). Increasing the area of the membranes is recommended to reduce the gap between 

the lab-scale and the industrial-scale for testing the separation performance.   

Permeance (L m−2h−1bar−1)= 
V

A × t × ∆P
                                                                            (1) 

On the other hand, rejection or removal efficiency (%) demonstrates the effectiveness of 

separating different solutes as a percentage of solutes retained by the membrane (Eq. (2)). 

Feed concentration (Cf) and permeate concentration (Cp) were collected at different time 

intervals and analysed using high-performance liquid chromatography (HPLC). Molecular 

weight cutoff (MWCO) is widely used metric to estimate the membrane pore size as the 

percentage of retained solutes of different molecular weights, which is defined as 90% of 

solutes rejected by the membrane. Chemical mixtures were not studied in this thesis due to 

the lack of data about common composition of such mixtures in literature, thus the 

membrane separation performance for single chemical may not translate well to chemical 
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mixtures. Many solutes or markers with different molecular weights are used to determine 

the MWCO curves of membranes for OSN benchmarking. The most widely used markers 

are polystyrene (PS) because of their good solubility in many organic solvents.[2] They are 

available commercially, but PS with low molecular weights are expensive. Polyethylene 

glycol (PEG) are also used but they are not easy to detect due to lack of a chromophore.[3] 

Dyes are used to study the effect of Donnan exclusion besides the size exclusion effect. 

The type and number of solutes to include for determining the MWCO is a subject of debate 

in the membrane research community. Separating solutes in organic solvents is difficult to 

standardise into a universal protocol owning to the many inter-related factors such as 

solute/solvent/membrane interactions, process configuration and hydrodynamics, 

operating pressure, temperature. 

Rejection or removal efficiency (%)= (1-
Cp

Cf
) ×100                                                         (2)  

In this thesis, the nanofiltration rig is configured in a cross-flow mode (Fig. 1), which is 

more relevant to an industrial process than a dead-end (batch) configuration.[4] A cross-

flow configuration allows continues filtration and steady state conditions since the volume 

and feed concentration can be constant by recycling the permeant and retentate to the feed 

tank, creating a closed loop system. Further, higher cross flow velocity (i.e., increasing the 

share rate) can minimise the concentration polarisation on or near the membrane surface.[5] 

Therefore, long-term filtration test was possible to conduct over 7 days of continuous 

operation. The rig was designed to include multiple membrane cells to be tested 

simultaneously, which increased the screening throughput and improved its industrial 

applicability (refer to Chapter 5–7 for detailed discussion). However, this does not 

eliminate the need for pilot testing to assess the actual performance in the industry.   
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Fig. 1. Schematic of dead-end and cross-flow modes of filtration.  

Unlike separation in aqueous environments, the separation mechanism of nanofiltration 

membranes in organic solvents is still not well studied in literature.[4,6] Thus, the transport 

mechanism (i.e., steric and electrostatic), describing the separation performance of aqueous 

nanofiltration applications (refer to Chapter 3), cannot be extended to OSN membranes.[7] 

Fundamental understanding of the separation mechanism of OSN membranes is 

underestimated in literature as highlighted by a recent survey.[6] A close collaboration 

between industrialists and academics would help establishing a standardise protocol for 

evaluating the separation performance of membranes for OSN.   

Adsorbents: the interaction of adsorbate, defined as the solute that has undergone 

adsorption, with the pore surface of the adsorbent dictates the type of adsorption 

mechanism whether is driven by chemical or physical interactions (Fig. 2).[8] Chemical 

adsorption or chemisorption includes a chemical reaction between the pore surface and the 

adsorbate forming a covalent bond. Contradictorily, physical adsorption or physisorption 

includes weak interactions (e.g., van der Waals, hydrophobicity, hydrogen bond, dipole 

force, etc.) between the pore surface and the adsorbate requiring minimal energy to adsorb 

and desorb. Physical adsorption is studied in this thesis, similar to membranes, continuous 

fixed bed adsorption experiments are more favourable to investigate the separation 

performance of adsorbents compared to other configurations (batch fixed bed, and 

continuous moving bed, continuous fluidised bed).[9] Similar to membranes, measuring 

the change in the solute concentration at different time intervals during the adsorption was 

undertaken to determine the removal efficiency as shown in Eq. (2). Concentration 

depletion method is practical and well established in literature; however, the measured 
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concentration should be higher than the limit of quantification (LOQ) of the used analytical 

method. Other methods can be used to measure adsorption more directly, such as 

determining the change in surface composition by X-ray photoelectron spectroscopy.[10] 

 

Fig. 2. Schematic of the two main adsorption mechanisms: physisorption and 

chemisorption. 

The separation process is a cyclic process alternating between adsorption and desorption. 

An ideal adsorbent should have the following properties: (i) high selectivity (ii) high 

adsorption capacity (iii) fast kinetics for adsorption/desorption (iv) reusability (v) chemical 

stability. Adsorbent regeneration is necessary to minimise the waste produced by the 

adsorption process. The effect of regeneration cycles on the separation performance were 

critically discussed in Chapter 4. Assumptions were made based on the model used to 

predict the adsorption isotherms. For example, applying Langmuir adsorption model 

require various assumptions to consider such as monolayer adsorption, surface 

homogeneity in which the adsorption sites are all identical and that adsorbed molecules do 

not interaction with each other and only interact with adsorption sites.[11] These are crude 

assumptions and might not work for certain adsorption processes.[10] Detailed information 

about the adsorption models are provided in Chapter 4 of this thesis. Besides evaluation the 

separation performance of adsorbents, the Brunauer-Emmett-Teller (BET) model is widely 

used for measuring the surface area and pore size of separation materials. The adsorption 

and desorption isotherms of inert gases that have no chemical interactions with the porous 

materials (e.g., N2), can be used to calculate the pore diameter down to 0.1 nm as well as 

the pore radius distribution.[12] 
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1.3.2 Chemical characterisation 

There are common techniques used for characterising the chemical composition of 

membranes and adsorbents. Among these techniques, Fourier transform infrared (FTIR) 

spectroscopy is a non-destructive technique commonly used to investigate the surface 

chemistry by measuring the infrared radiation transmitted, reflected or absorbed by the 

sample. The bonds vibrate in the sample based on the functional groups and give unique 

frequencies with a depth of 0.1∼10 μm.[13] FTIR is practical method to analysed surface 

modification,[14] polymer blends[15] and nanocomposites.[16] X-ray photon spectroscopy 

(XPS) is more sensitive surface analysis method to quantify the elemental composition on 

the surface, which is estimated to be ~ 10 nm depth from the surface of the sample.[17] The 

material surface will bombard with X-rays generating electrons from the sample to be 

detected, whereas the energy source for the energy dispersive X-ray spectroscopy (EDX) 

is the electrons and the sample generates X-rays to be detected. EDX provides the bulk 

composition or concentration of the sample or obtain an image of a particular element 

distribution in the sample. However, the obtained spectral resolution is not as good as XPS 

(the depth from the surface of the sample for EDX is in the µm range).[18] Each technique 

has its own limitations, however they can be used in tandem to analyse or confirm the 

surface chemistry of the material.  

1.3.3 Thermal characterisation  

Thermogravimetric analysis (TGA) is widely used for analysing the thermal stability of 

membranes and adsorbents by measuring the weight change as function of temperature over 

time. TGA is used to investigate the thermal stability and to confirm the chemical 

composition of the material in conjunction with other techniques if the 

membranes/adsorbents are made from different materials.[19]    

1.3.4 Mechanical characterisation 

Quantitative analysis of the mechanical properties is usually not reported in studies related 

to membranes. This because membranes are often mechanically supported by a porous 

sublayer and the research focus is usually on the separation layer of the membrane. 

Nevertheless, nanoindentation technique can be used to obtain mechanical properties such 

as hardness and Young’s modulus for membranes, which is useful tool to have insight on 

how membrane will operate with the friction or scratches caused by the colloidal solutes 

(molecules). 
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1.3.5 Morphological characterisation  

Scanning electron microscope (SEM) is a powerful tool to characterise surface topography 

and structural properties of membranes and adsorbents. In thesis, quantitative and 

qualitative results were possible to obtain using SEM (e.g. visual observation, pore shapes 

thickness of the separation/outer layer, etc.). It is worth highlighting that the analysed 

membranes and adsorbents were “dry” and may not reflecting the actual structural 

properties, giving that the operating environment is “wet” (in contact with organic solvents 

or water). Thus, environmental SEM (ESEM) is more accurate as it operates under wet 

environment in which the temperature and humidity can be controlled and permits no 

invasive sample probing (e.g. not requiring conductive coating or being dehydrated). 

However, SEM was used in this thesis to enable comparison of the obtained results with 

different studies reported in literature. Moreover, transmission electron microscopy (TEM) 

was used to obtain higher level of details and resolution in imaging compared to SEM. The 

samples are embedded in a resin or stained with a specific compound in which some 

structural regions of the sample will be more stained than other regions; they must be very 

thin for electrons to pass through. The high resolution image obtained by TEM can be used 

to measure the thickness and topography of the ultra-thin separation layer for the 

membranes[20] and adsorbents.[21] Estimating pore size distribution using TEM is 

possible with advanced imaging software such as ImageJ.  Atomic force microscope (AFM) 

is extensively used to obtain high-resolution surface topography of membranes. In a typical 

method, a laser beam is focused on a cantilever with a sharp tip in which the tip is oscillating 

(tapping mode), keeping in contact (contacting mode) or vibrating (non-contact mode) on 

the surface of the sample. A force signal can be generated from the tip-sample interaction 

to capture an atomic scale image. The tapping mode is good to analyse surface roughness 

of polymeric membranes, although very rough or coarse surfaces are difficult to 

analyse.[13] 

Chapter 2 

2. Introduction  

2.1 Liquid-phase separation from a sustainability perspective   

2.1.1 A historical background on sustainable development    

The word “Sustainability” has become popular among scientists, engineers, politicians and 

even laypersons. Some argue that sustainability is becoming a buzzword used to have a 
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following and modern branding for institutions. Looking to the bright side, this is 

encouraging and an important step in shifting the attention of the public, governments and 

businesses to the importance of sustainability.  

After World War I and II, consumerism and industrialism increased rapidly to fulfil 

people’s appetite after years of deprivation. Societies, who followed the capitalist model of 

the market economy at that time, have gained the largest economic growth and amplified 

the global economy by providing price-competitive goods, services and manufacturing 

capabilities. The main obstacle facing the market economy (whether it is a free market or 

regulated market) is pricing externalities, which are costs or benefits that are not reflected 

in the price. Externalities (positive or negative) are considered a market failure since the 

market fails to consider all the costs and benefits during the transaction. For example, 

pollution is considered a negative externality.[22] During the boom of consumerism and 

industrialism, environmental and social externalities were not well-understood or 

accounted for, leading to escalated demand for natural resources, inequalities, and 

increased greenhouse gas (GHG) emissions.[23]  

In 1968, Paul R. Ehrlich raised eyebrows with his controversial book entitled “The 

population bomb” about overpopulation, questioning if the world’s resources are enough 

to feed future generations with the forecast population growth, “Population control or race 

to oblivion”.[24] Although the population growth rate peaked between 1962 and 1963 (i.e., 

2.2 % per year), and since then, it has declined considerably by around 50% according to 

the United Nations (UN) estimate.[25] In the late 1960s, many books, reports and articles 

have emphasised the importance of achieving a sustainable future from different 

perspectives. Societies began to seriously question if this growth is sustainable, and picture 

themselves as part of nature and not separate from it.  

There is a difference between sustainability and sustainable development; one meaning is 

the ability to maintain a system and the other describes the “how” and the purpose of 

maintaining that system. It is the progression of establishing a three-way relationship 

between society, the economy and the environment.[26] Many definitions have been 

assigned to “Sustainable development”; the most widely used definition “development that 

meets the needs of the present without compromising the ability of future generations to 

meet their own needs”, was introduced in a report supervised by Gro Harlem Brundtland  

entitled “Our common future” or known as the Brundtland’s report.[27] However, the 
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report did not set a clear plan for achieving sustainable development.[28] Governments and 

the public come into the realisation that development based on only two pillars (i.e., social 

and economy) was impossible without environmental considerations, and maintaining 

economic growth without considering all the “three pillars” of sustainable development is 

a dead-end path.  

In 1988, the UN introduced the international governmental panel on climate change (IPCC) 

in Switzerland, to conduct unbiased scientific research on assessing anthropogenic climate 

change (global warming).[29] The IPCC concluded that halving the GHG emissions by 

2030, while reducing CO2 emissions to reach a net-zero, is the only way to maintain the 

global warming temperature limit to 1.5 °C. Then, the Kyoto protocol was signed at the 

third session of the Conference of the Parties (COP3) by 192 parties in 1997 to combat 

climate change. However, the progress in the field of reducing global GHG emissions was 

non-existent, to say the least, and the agreement was regarded as an institutional failure. 

[30] There were no incentives on reducing the GHG emissions and pollution for the long 

term, since the policies were quick-to-achieve and short-sighted as well as limited 

flexibility for innovation and new ideas.[30] 

In 2000, the Millennium development goals (MDGs) were officially confirmed with eight 

goals and 21 targets related to health, poverty, gender equality, environmental 

sustainability, global partnership, and education.[31] The main goal was to reduce the 

population that is living in extreme poverty from 36% to 18% by the end of 2015. The 

campaign reached its target 5 years ahead of the deadline.[32] The main reason for reducing 

poverty is economic growth, particularly in countries like China and India.[33]   

Fast forward to 2015, Paris Climate Agreement was held, where 196 parties agreed to 

effectively address climate change by reducing the global GHG emissions, and the 

agreement entered into force in 2016. The goal was to keep the global temperature rise 

below 2 °C with an optimistic target of 1.5 °C.[34] At that time, the UN displayed the 

blueprint to achieve a better and sustainable future for all, known as the Sustainable 

Development Goals (SDGs), which are the successor for the MDGs, and these goals are 

the results of huge consultation efforts. A total of 193 countries of the UN assembly 

committed to achieving the SDGs by 2030 (the SDGs consist of 17 goals and 169 

targets).[35] The core frame of the SDGs expands on the MDGs by linking the social, 
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economic and environmental aspects, addressing the shortcomings of the MDGs by 

incorporating a broader, more transformative agenda and universal targets.[36]     

The author of this thesis believes that technology innovation is the solution to meet the 

world’s growing demands and prevent environmental destruction. Liquid-phase separation 

is among the areas that need sustainable solutions, given its critical role in all the above-

mentioned industrial sectors and others as discussed in Section 2.1.3. The research projects 

presented in this thesis (Chapter 4–7) can directly contribute to the SDGs (Fig. 3). Goal 3 

(Good health and well-being): The removal of oil and neonicotinoids to purify water, as 

well as reducing the exposure to toxic solvents by replacing them with green(er) 

alternatives help promote health and well-being. Goal 6 (Clean water & sanitation): 

Industrial wastewater treatment was possible using nanofiltration membranes and an 

adsorption process. Goal 9 (Industry, innovation and infrastructure): Innovative separation 

materials were prepared from biological and recycled sources to reduce dependence on 

fossil sources. Goal 10 (reduced inequalities) and Goal 12 (Responsible consumption and 

production): Produced water treatment and OSN using the developed membranes enable 

water preservation and responsible consumption of resources in the petrochemical industry. 

Goal 14 (Life below water) and Goal 15 (Life on land): Hydrogels were developed to 

protect pollinators and other habitats on land and below water. Also, fabrication procedures 

with minimised waste generation and green(er) solvents were followed to prepare the 

separation materials, which limits ecological damage. 
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Fig. 3. The sustainable development goals (SDGs), set by the United Nations, are linked to 

the research projects of this thesis as appropriate. The numbered green circles are assigned 

to the chapters of this thesis (Chapter 4–7) with their respective graphical abstracts.  

2.1.2 Tools of sustainability assessment    

The terms "sustainability" and "green" are used interchangeably in literature. However, it 

is important to differentiate between them since they are not exactly the same.[37] As 

mentioned earlier, sustainability solely meaning is to maintain something forever. The 

definition, if discussed in the framework of sustainable development, is best given by the 

Brundtland report. On other hand, the term “green” considers one dimension of 

sustainability, which is the environmental aspect in terms of utilising renewable resources 

and preventing pollution. For example, a green material is not necessarily sustainable, since 

the material’s greenness can be evaluated separately in terms of being more 

environmentally benign in terms of the synthesis, process, and application, whereas, 

sustainability is much broader in scaling greenness to the global level including all the 

factors related to the environment, economy and society to maintain the resources for future 

generations. In the context of chemistry and chemical engineering, the best definition given 

by Anastas and Warner for “Green Chemistry” is “The utilisation of a set of principles that 

reduces or eliminates the use or generation of hazardous substances in the design, 

manufacturing and application of chemical products.”[38] The set of principles was 
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narrowed down to 12 principles by Anastas and Warner in 1998, and they are still used to 

evaluate the environmental impact of chemical processes (Fig. 4).    

 

Fig. 4. The 12 principals of green chemistry proposed by Anastas and Warner. Adapted 

from Harrison et al.[39] 

Most of the separation materials are derived from fossil sources and involve the use of toxic 

solvents and complex preparation methods, which deviates them from being sustainable 

alternatives. The green chemistry principals should be followed in manufacturing these 

materials as appropriate such as prioritising waste prevention, biodegradability, minimising 

toxicity, choosing greener/safer solvents and using materials derived from renewable 

sources. For example, using starting materials from renewable sources such as cellulose 

can eliminate the use of chemical crosslinking in developing solvent-resistant membranes 

due to the intramolecular and intermolecular hydrogen bonds. There are number of green 

or renewable solvents that can be used in fabricating membranes and adsorbents with 

competitive separation performance.[40] Dihydrolevoglucosenone (Cyrene) has been 

proposed as alternative for toxic polar aprotic solvents such as N-methyl-2-pyrrolidone 

(NMP) in fabricating polyethersulfone (PES) and poly(vinylidene fluoride) (PVDF) 

membranes.[41] PolarClean® was reported to prepare cellulose acetate NF membranes.[42] 

Dimethyl carbonate was used to prepare bamboo fiber/poly(lactic acid) (PLA) membrane 
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supports.[43] Ionic liquids were such as 1-ethyl-3-methylimidazolium acetate 

([EMIM][OAc]) can be used alone for fabricating cellulose hollow fibers,[44] 

cellulose/chitin nanofibers,[45] cellulose adsorbents  (used as co-solvent with DMSO).[46] 

There are many metrics in literature like power efficiency, carbon footprint, and freshwater 

consumption that are attributed to sustainability analysis. One of the common metrics is the 

Environmental (E) factor proposed by Sheldon in 1992.[47] The E factor includes all the 

material streams of the chemical process to quantify waste generation whether the process 

involves chemical reactions or solely physical separations. The E factor is a versatile and 

simple framework to compare chemical processes. For example, a high E factor value 

represents more generated waste per mass unit of the product. Another commonly used 

metric is the carbon footprint or so known as the Carbon (C) factor by translating a 

process’s contribution to global warming in an equivalent mass of CO2 emission per unit 

of product. In this thesis, The E factor and carbon footprint were used to evaluate the 

sustainability of the continuous adsorption process for groundwater treatment (Chapter 4). 

Life Cycle Inventory and Assessment (LCI/A) is considered the most comprehensive and 

effective approach to assessing the environmental impacts related to manufacturing 

products and providing services.[48]  Several effective metrics are also used with LCI/A to 

cover other aspects of sustainable development such as Life Cycle Costing (LCC) (to 

analyse the monetary costs) and social life cycle assessment (S-LCA) (to analyse the social 

aspect of the product or service, which includes indicators such as working conditions, 

culture heritage, health and safety, etc.), others sustainability tools are studied and 

compared in a recent review by Flour et al.,[49]   

2.1.3 Liquid-phase separation technologies   

"Purifying mixtures without using heat would lower global energy use, emissions and 

pollution — and open up new routes to resources" David S. Sholl and Ryan P. Lively.[19] 

Liquid-phase separation has been a critical part of our life since ancient times. One of the 

oldest separation techniques is distillation, it is a common technique used to separate a 

mixture of liquids based on the difference in boiling points or volatility by including a series 

of evaporation and condensation steps into the separation process.[51] The word 

“distillation” was assigned to crystallisation, evaporation, mechanical pressing and 

anything related to the separation of liquids in ancient and medieval times.[52] Distillation 

has been the go-to technology for liquid-phase separations despite its high-energy 
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requirement.[50] It is still used until this day in many industrial sectors e.g. crude oil 

refining, petrochemicals, desalination, etc., accounting for approx. 80% of the current 

separations.[50] 

Evaporation can be simply described as a process of transforming a liquid-phase into a gas-

phase by applying the required energy to surpass the liquid vapour pressure. It has taken 

also its own league of applications such as food engineering, coating, solvents 

concentration.[53]   

Liquid-liquid extraction or solvent extraction is another common separation technology. In 

a typical process, an immiscible liquid or solvent is used to extract components from 

another liquid based on the difference in their solubility.[54] Liquid-liquid extraction is 

commonly used in a wide range of applications e.g., wastewater treatment, 

pharmaceuticals, petrochemicals, fermentation and food processing, etc., especially for 

separating heat-sensitive materials such as antibiotics, and dilute solutions where 

separation is not economical using distillation.[55] Nevertheless, additional steps are 

required to regenerate the extracting agent for reuse and recover the separated components, 

which are complex and energy-intensive. Other extraction techniques are sometimes 

lumped under the “extraction” umbrella; these techniques can be divided into two main 

categories based on the fundamental of separation. The first category is "gravity separation" 

in which two immiscible liquids are separated by the difference in their density with 

sufficient retention time (the required time for two liquid phases to reach equilibrium). The 

second category is "coalescing separation", in which small-suspended droplets or 

emulsions of one immiscible liquid are separated from the other continuous liquid-

phase.[56]  

On the other hand, crystallisation is a process by which a solute is separated from the liquid 

solution into solid crystals. The crystallisation process is initiated by the nucleation (or 

activation) step that can be achieved by seeding, stirring, impurities to overcome the energy 

barrier between the solid phase and the liquid-phase, followed by nucleation growth.[57] 

The main driving forces for crystal formation are supercooling and supersaturating using 

one or more techniques like solvent evaporation, cooling, vapour diffusion (a common 

method to crystallise proteins) as well as sublimation. Crystallisation is widely used in food, 

pharmaceuticals and petrochemical industries to obtain high purity products. However, 
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crystallisation has been recognised as a slow separation process and a bottleneck in a 

continuous production line.[57] 

Another separation technology for achieving high-purity products is adsorption and 

absorption, which are often discussed together giving their close similarities. Adsorption is 

a process in which the liquid is adsorbed on the surface of a porous solid, whereas with 

absorption, the liquid is absorbed into the interior of the solid material. The interactions are 

classified into two main types (i.e., physisorption and chemisorption) to simplify and 

differentiate the complex interactions between the solute and adsorbent or absorbent. 

Physisorption, as the name implies, includes physical interactions without chemical change 

to the adsorbent such as van der Waals and polar interactions, whereas chemisorption 

involves chemical interactions like covalent bonding to the adsorbent’s surface. The 

adsorption process is investigated in detail in Chapter 4. The main constrain of 

adsorption/absorption is related to the regeneration process of the solid to be reused for 

being energy-intensive similar to the solvent extraction processes.[58] An innovative 

approach is presented in Chapter 4 to address the reusability issue and enhance the 

sustainability of the regeneration process.  

Membrane technology is another sustainable solution to distillation, it has attracted the 

most attention in liquid-phase separations owing to their energy efficiency, small footprint, 

low capital cost as well as having simple and safe operation compared with other separation 

technologies.[59] In simple words, the components are separated physically by the 

membrane material into two streams, one stream permeates through (permeate) and the 

other is rejected or retentate by the membrane material. Exploiting the properties of the 

membrane materials enables a plethora of separation applications. Therefore, there are 

many classifications for membranes in literature and industry, which are based on the 

driving force for the separation and operating conditions. Microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), forward osmosis (FO) 

membrane are classified based on membrane solution-diffusion and size-exclusion of 

solute, and the separation is driven by applying external pressure gradient.[60] Other 

membrane types include the concept of thermal-driven separation and liquid-liquid 

extraction technologies into the membrane technology such as membrane distillation (MD) 

and membrane contactor (MC), respectively. Some speciality membranes involve 

adsorption and absorption for driving the separation mechanism referred to as “adsorptive 

membranes”[61] or “hydrogel membrane”[62-63] depending on the type of the separation 



 

27 
 

 

  

application. Membranes have found their way into energy generation and storage, most 

notable type is the proton exchange membrane in the development of fuel cells and redox 

flow batteries.[64-65]  

Overall, it is estimated that separation processes consumed 10-15% of the total global 

energy consumption.[58] Due to the importance of separations, a comprehensive report was 

issued in 1987 by the National Academies to highlight the major advances, challenges and 

set the research agenda for advancing separation science.[66] The outcome of this report 

recommended focusing on the areas of capacity, selectivity and throughput of the 

separation as well as stability over time under the operating conditions. The need for 

alternatives to distillation was highlighted by the National Research Council (NRC).[67] 

Among the various separation technologies, membrane and adsorption have been always 

highlighted as ideal alternatives to the energy-intensive processes, due to the advances in 

material science and the ability to achieve separation without phase-change (i.e., 

vaporisation and/or condensation of one or more components). The energy intensity of 

thermal-based separation depends on the enthalpy of vaporisation of one or more 

components. Membranes, adsorption/absorption, and crystallisation process required less 

energy compared to the evaporation and distillation process (Fig. 5).  

 

 

Fig. 5. Examples of liquid-phase separation technologies ranked from high to low energy 

(reprinted from the National Academies of Sciences and Medicine).[68] 

Moreover, David S. Sholl and Ryan P. Lively[50] summarised the main limitations of the 

separation technologies in general. One of the highlighted recommendations is shifting the 

focus from distillation to other separation processes such as membranes, adsorption and 

crystallisation to drive the innovation (this point was first highlighted by the 1987 

comprehensive report on separation science and technology), as the current 

training/teaching is still emphasising on distillation in the discipline of chemistry and 

chemical engineering. Another raised recommendation is effective collaboration between 
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academics, industry and government to fund realistic pilot testing and provide the required 

infrastructure. Further, using relevant compositions and operating conditions to the industry 

with the consideration of trace components. 

 The oil and gas industry has increased its investments in research to find alternative 

sustainable solutions to minimise the energy consumption of its legacy separation 

technologies, in which distillation is a top priority since petroleum refining is the most 

energy-intensive unit of the industry’s supply chain.[69] The industry produces around 

33% of global emissions originating from the consumption of fossil fuels that it produces, 

and another 9% of emissions from its operations. This puts the industry at a total of 42% 

of direct and indirect global emissions.[70] This thesis is geared to discuss promising 

sustainable separation materials in the development of adsorbents (nanocomposite 

hydrogels) and membranes (NF membranes) in the following chapters. 

2.2 Sustainable materials for liquid-phase separation  

2.2.1 Materials derived from plant-based sources  

Nature has inspired researchers to achieve technological advancements in utilising 

materials from its resources for liquid-phase separation. Cellulose comes first on the list of 

applicable materials, as it is the most abundant polymer or polysaccharide on the earth, 

derived from plant sources such as cotton, silk, hemp, wood, bagasse, bamboo, linen etc. 

Over the years, researchers have investigated plant cellulose in almost every field by 

exploiting its hydrophilicity (rich in hydroxyl groups), mechanical properties and low-

density structure and large specific surface area.[71] The crystallinity of cellulose (i.e., 

cellulose I, II, III, and IV) is varied depending on the source and the method of processing 

it. Cellulose I is considered the native form of cellulose, which exists in two unique 

allomorphs (Iα and Iß). Cellulose derived from plants is predominantly rich in cellulose Iß 

(monoclinic unit cells), while cellulose Iα (triclinic unit cell) is found more predominantly 

in cellulose produced from algae and bacteria.[72] Cellulose has limited solubility in 

common organic solvents that are used in the formation of materials due to the increased 

difficulty in breaking its highly ordered crystalline structure (entangled by intra–, inter –

molecular hydrogen bonding) without using high temperatures and corrosive 

environments.[72] Several solvents were successfully applied to solubilise cellulose, 

besides alkali treatment, for manufacturing various separation materials such as N-

methylmorpholine N-oxide (NMMO),[73] alkali/urea aqueous solution,[74] ionic liquids 

(ILs)[75-76] as well as a co-solvent system of ILs or salts (i.e., lithium chloride, Li/Cl) and 
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polar aprotic solvents.[77-78] Chapter 6 and 7, in this thesis, investigate this issue in detail 

and provide a sustainable solution using a co-solvent system of ionic liquid and dimethyl 

sulfoxide (DMSO) to directly dissolve cellulose and lignocellulosic biomass.  

Further, functionalising cellulose into various derivatives is a practical solution to make it 

castable in organic solvents. The most common cellulose derivatives used in fabricating 

separation materials include cellulose acetate (CA), cellulose triacetate (CTA), cellulose 

acetate butyrate (CAB) and hydroxyethyl cellulose (HEC).[79] CA has been utilised 

successfully on a commercial scale for developing early membranes in the 1960s by Loeb 

and Sourirajan.[80] Thus, CA has serious implications on chemical stability, which 

impedes its application in developing robust separation materials. In Chapter 4, the 

application of graphene oxide (GO) and polymers of intrinsic microporosity (PIMs) as 

nanocomposites in CA hydrogels resulted in a synergistic effect of overcoming the 

limitations of CA in swelling resistance, thermal stability and adsorption capacity. 

It is worth highlighting that producing nanomaterials from cellulose is a growing area for 

developing advanced separation materials.[81] The nanomaterials are usually deposited in 

the polymeric matrix or on its top surface (i.e., layer-by-layer deposition) to manipulate the 

physiochemical properties of the polymer. They can be also processed as stand-alone 

materials in multiple forms (e.g., membranes, hydrogels, aerogels, fibrous adsorbents, etc.) 

depending on the preparation methods used for the alignment and the type of cellulose 

source.[82] Examples of applied cellulosic nanomaterials include cellulose nanocrystals 

(CNCs), cellulose nanofibrils (CNFs) for water/wastewater treatment, organic solvent 

nanofiltration[83] and fuel cell applications.[84]  

On the other hand, lignin is the encrusting material of cellulose in the plant cell, an aromatic 

plant polymer that is mainly produced as a waste by-product from the paper pulping and 

ethanol production.[85] Upcycling lignin can be an added value due to its high carbon 

content, enhancing the biorefinery process as an example by lowering its carbon footprint 

and improving its economics.[86] Lignin is rarely investigated for liquid-phase separations 

as a primary material and is usually utilised as a filler in the development of membranes 

and hydrogels, although it is the second most abundant polymer after cellulose.[87] This is 

mainly attributed to the lignin being challenging to isolate without depolymerisation and 

deviance from its desired properties.[88]  
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On the contrary, algae have gained tremendous attention in the industry owing to the ability 

to capturing a large amount of CO2 relative to their weight, fast-growing and the ability to 

be used as biofuel without competing with agriculture for freshwater sources. This is why 

researchers refer to algae as “tiny biological factories”. Algae can be distinguished based 

on their size between microalgae or phytoplankton and macroalgae or seaweed. They can 

also produce cellulose with a high crystallinity degree (enriched in cellulose Iα).[89] 

Moreover, alginate polysaccharides derived from brown algae and their salts (i.e., sodium 

alginate and calcium alginate) are widely studied for preparing membranes and hydrogels. 

[79,90] Plant-based polyphenols such as morin, tannic acid, eugenol, quercetin and vanillyl 

alcohol are rich in catechol and pyrogallol, which give a spectrum of physical and chemical 

properties making them versatile coating precursors for hydrophilic surface modification. 

Their application was realised in developing membranes for OSN[91] and oil-in-water 

separation.[92] 

2.2.2 Materials derived from bacteria   

Cellulose can also be synthesised from bacteria, commonly classified as bacterial cellulose. 

The main difference between plant and bacterial cellulose is that bacterial cellulose is 

produced in its native form, whereas plant cellulose must be processed to remove other 

constituents such as lignin and hemicellulose.[93] Native cellulose with a high purity 

degree is in great demand, owning to its three-dimensional (3D) network structure, 

biodegradability and exceptional properties such as high water absorption, high 

crystallinity and mechanical robustness.[93] Therefore, it has been successfully 

demonstrated in the development of membranes,[94] sponges,[95] or aerogels,[96-97] and 

hydrogels.[98]  

Furthermore, cyclodextrins are drawing recent attention from researchers especially in 

developing nanofiltration membranes with precise molecular sieving properties due to their 

rigidity, well-defined structure and sub-nanometer molecular-sized cavity with the 

lipophilic interior. Cyclodextrins are cyclic oligosaccharides produced from the enzymatic 

digestion of starch by bacteria such as Bacillus macerans. They are commonly classified in 

the industry as α–, β– and γ– cyclodextrins based on the number of their linked 

glucopyranose units of six, seven and eight units, respectively.[99] Cyclodextrins are 

already proven commercially in the pharmaceutical industry.[100-101] In addition, it has 

been demonstrated on a lab-scale as an effective nanofiller for enhancing the separation 

performance and chemical stability of the resultant material to be suited for separation in 
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harsh conditions, namely, adsorptive membranes for uranium extraction,[102] NF 

membranes for dyes/salts removal,[103] and OSN.[104-105]  

Another fermented material derived from starch is poly(lactic acid) (PLA). It is already a 

commercially viable and attractive alternative to fossil fuel-based polymers due to being 

relatively more mouldable and processable than other bio-based polymers.[106] However, 

the main drawbacks for PLA are its poor toughness and low thermal stability.[106] Several 

approaches have been made to enhance the thermal and mechanical properties of PLA to 

be suitable for liquid-phase separations such as the incorporation of bamboo fibres[43] and 

methylcellulose[107] into the PLA matrix as well as blending PLA with bacterial cellulose 

from kombucha.[108]  

2.2.3 Materials derived from animal sources  

Chitosan is a deacetylated derivative of chitin found in crustaceans, which is utilised 

commercially in the biomedical, agriculture and food industry.[109-110] Chitosan is in a 

second-place after cellulose among the common polysaccharides with great potential for 

liquid-phase separations owning to the ability to be solubilised in mild acidic media.[110] 

Another advantageous property is the presence of its amino functional groups, which gives 

versatility in designing as a structural material or as a filler for other polymers, especially 

polymers with carboxylic acid functional groups. However, the main drawback of chitosan 

is its hygroscopic nature and the high susceptibility to degradation.[111] In Chapter 7, the 

blend of chitosan and cellulose has been investigated. The results showed that the blend 

has improved film-forming capacity to form a stable NF membrane with enhanced thermal 

and molecular sieving properties.  

Adding an additional cellulosic source, tunicates are the only known animals to produce 

cellulose. The type of the produced cellulose is considered native with predominate 

cellulose Iß making them perfect to be utilised in deriving high aspect ratio CNCs and 

CNFs. Several reports have investigated tunicate cellulose in preparing robust separation 

materials for liquid-phase separations.[112-113]  

Dopamine has spawned the most interest from researchers working on separation materials 

compared to the other biophenols, inspired by mussel byssus’s chemistry that enables it to 

adhere to wet surfaces. Dopamine can be self-polymerised under an alkaline and oxidative 

environment, to a polydopamine (PDA) layer that capable of adhering onto many surface 

types. PDA coating was used in a plethora of separation materials to endure high 
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hydrophilicity, molecular sieving property, chemical stability, and antibacterial and 

antifouling properties. In Chapter 6, PDA coating was successfully demonstrated in 

enhancing the separation performance of the membranes using layer-by-layer (LBL) 

assembly (the membranes were prepared from waste date seed biomass). The LBL 

technique (discussed in detail in Chapter 3 for preparing nanofiltration membranes) has 

been shown by the work of Mateos et al.[114] to have the potential of scaling up to an 

industrial scale.  

2.2.4 Recyclable fossil-based materials   

Most polymers used today are based on fossil fuels, which are finite sources.[115]  Humans 

ingest microplastics up to 5 g per week as 91% of plastics are not being recycled.[116] 

Recycling is a sustainable solution when considering other available options such as the 

use of landfills and incineration facilities. The American chemistry council (ACC) and the 

European Union (EU) aim, by 2040, to achieve 100% recyclability and/or recovery of all 

plastic packaging.[117] It is no brainer that utilising recycled materials curtails 

environmental waste. Several reports showed the potential of recycled fossil fuel-based 

polymer for liquid separations such as using polyethylene terephthalate (PET) [118] and 

polystyrene (PS) (from plastic cups)[119] for fabricating TFC membranes and MF/UF 

membranes, respectively, as well as using recycled concrete as adsorbents for water 

purification.[120] In Chapter 5, recycled PET (from used water bottles) was utilised as 

support in the preparation of TFC membranes for OSN.       

2.2.5 Commercialisation, challenges and opportunities  

The public and industrial consumers are demanding sustainable manufacturing for their 

goods as the mindset has changed and the sustainable awareness increased more than ever. 

Recently, Allbirds, Inc. has graduated to the IPO stage (Initial Public Offering) in the US 

market with a market valuation of around $2 billion.[121] Allbirds, Inc. is a New Zealand-

Americancompany focusing on developing sustainable footwear and apparel from natural 

materials such as wool and sugarcane. Bloom Foam is a recent innovation aiming to replace 

synthetic flip-flops; the foam is a mix of waste algae and sugarcane as an alternative to the 

ethylene vinyl acetate (EVA) foam. The algae products market is expected to grow 6.3% 

from 2020 to 2026 with a TAM of nearly $6.4 billion.[122] Further, Arkema S.A. 

developed a renewable bio-based polymer derived from castor beans, which is polyimide 

11 (PA 11). The polymer is claimed to have low weight and improved chemical resistance 

and mechanical properties compared to other materials available in the market such as 
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polypropylene (PP).[123] Other fields have taken off in transition to sustainable materials 

especially in the beauty and food packaging sectors. Overall, the global market size of 

biopolymers is estimated to reach $29.7 billion by 2026, at a CAGR of 22.7% (i.e., from 

2021 to 2026), with PLA being the most commonly used bio-based polymer.[124] In the 

case of developing sustainable materials for liquid-phase separations, most of the 

innovations mentioned in this section are on lab-scale. The transition progress from fossil 

fuel-based polymers is slow in comparison to other fields when examining the current 

materials used for fabricating membranes and adsorbents for water treatment and OSN. 

There is a huge opportunity to improve the sustainability of manufacturing membranes and 

adsorbents starting by exploiting bio-based materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

34 
 

 

  

References  
 

[1] Z. Yang, L. Long, C. Wu, C.Y. Tang, High permeance or high selectivity? 

optimization of system-scale nanofiltration performance constrained by the upper 

bound, ACS ES&T Eng., 2 (2022), pp. 377–390, 10.1021/acsestengg.1c00237 

[2] Y.H. See Toh, X.X. Loh, K. Li, A. Bismarck, A.G. Livingston, In search of a 

standard method for the characterisation of organic solvent nanofiltration 

membranes, J. Membr. Sci., 291 (2007), pp. 120–125, 

10.1016/j.memsci.2006.12.053 

[3] C. Crafts, D. Thomas, I. Acworth, Analytical methods to characterize and quantify 

PEG and PEGylated biopharmaceuticals., 2012, 

https://www.chromatographyonline.com/view/analytical-methods-characterize-

and-quantify-peg-and-pegylated-biopharmaceuticals 

[4] P. Silva, S. Han, A.G. Livingston, Solvent transport in organic solvent 

nanofiltration membranes, J. Membr. Sci., 262 (2005) pp. 49–59, 

10.1016/j.memsci.2005.03.052 

[5] P. Marchetti, M.F. Jimenez Solomon, G. Szekely, A.G. Livingston, Molecular 

separation with organic solvent nanofiltration: A critical review, Chem. Rev., 114 

(2014), 10735–10806, 10.1021/cr500006j 

[6] H.A. Le Phuong, C.F. Blanford, G. Szekely, Reporting the unreported: The 

reliability and comparability of the literature on organic solvent nanofiltration, 

Green Chem., 22 (2020), pp. 3397–3409, 10.1039/d0gc00775g 

[7] R. Zhang, J. Tian, S. Gao, B. Van Der Bruggen, How to coordinate the trade-off 

between water permeability and salt rejection in nanofiltration?, J. Mater. Chem. 

A., 8 (2020), pp. 8831–8847, 10.1039/d0ta02510k 

[8] J. Wilcox, R. Haghpanah, E.C. Rupp, J. He, K. Lee, Advancing adsorption and 

membrane separation processes for the gigaton carbon capture challenge, Annu. 

Rev. Chem. Biomol. Eng., 5 (2014), pp. 479–505, 10.1146/annurev-chembioeng-

060713-040100 

[9] H. Patel, Fixed-bed column adsorption study: a comprehensive review, Appl. 



 

35 
 

 

  

Water Sci., 9 (2019), 10.1007/s13201-019-0927-7 

[10] S.N. Rao, Adsorption, in: Interface science and technology, Elsevier, (2018), pp. 

251–331 

[11] H. Tang, W. Zhou, L. Zhang, Adsorption isotherms and kinetics studies of 

malachite green on chitin hydrogels, J. Hazard. Mater., 209–210 (2012), pp. 218–

225, 10.1016/j.jhazmat.2012.01.010 

[12] Y. Fang, L. Bian, Q. Bi, Q. Li, X. Wang, Evaluation of the pore size distribution of 

a forward osmosis membrane in three different ways, J. Membr. Sci., 454 (2014), 

pp. 390–397, 10.1016/j.memsci.2013.12.046 

[13] W.L. X. Huang, X. Zhikang, Techniques for membrane surface characterization, 

in: Surface engineering of polymer membranes, Springer: Berlin, (2009), pp. 5–61, 

10.1007/978-3-540-88413-2_2 

[14] S. Belfer, R. Fainchtain, Y. Purinson, O. Kedem, Surface characterization by 

FTIR-ATR spectroscopy of polyethersulfone membranes-unmodified, modified 

and protein fouled, J. Membr. Sci., 172 (2000), pp. 113–124, 10.1016/S0376-

7388(00)00316-1 

[15] U. Riaz, S.M. Ashraf, Characterization of polymer blends with FTIR spectroscopy, 

in: Miscibility, morphology and interfaces, John Wiley & Sons, (2015), pp. 625–

678, 10.1002/9783527645602.ch20 

[16] F. Agrebi, N. Ghorbel, S. Bresson, O. Abbas, A. Kallel, Study of nanocomposites 

based on cellulose nanoparticles and natural rubber latex by ATR/FTIR 

spectroscopy: The impact of reinforcement, Polym. Compos., 40 (2019), pp. 2076–

2087, 10.1002/pc.24989 

[17] J.B. Gilbert, M.F. Rubner, R.E. Cohen, Depth-profiling X-ray photoelectron 

spectroscopy (XPS) analysis of interlayer diffusion in polyelectrolyte multilayers, 

Proc. Natl. Acad. Sci., 110 (2013), pp. 6651–6656, 10.1073/pnas.1222325110 

[18] S.M. Hues, L. Lovejoy, Ultratrace impurity analysis of wafer surfaces, in: 

Handbook of silicon wafer cleaning technology, Elsevier, (2008), pp. 619–657, 

10.1016/B978-081551554-8.50013-6 

[19] H.Y. Nguyen Thi, S. Kim, B.T. Duy Nguyen, D. Lim, S. Kumar, H. Lee, G. 



 

36 
 

 

  

Szekely, J.F. Kim, Closing the sustainable life cycle loop of membrane technology 

via a cellulose biomass platform, ACS Sustain. Chem. Eng., 10 (2022), pp. 2532–

2544, 10.1021/acssuschemeng.1c08554 

[20] T.E. Culp, Y.X. Shen, M. Geitner, M. Paul, A. Roy, M.J. Behr, S. Rosenberg, J. 

Gu, M. Kumar, E.D. Gomez, Electron tomography reveals details of the internal 

microstructure of desalination membranes, Proc. Natl. Acad. Sci., 115 (2018), pp. 

8694–8699, 10.1073/pnas.1804708115 

[21] Y. Zhang, M. Yang, X.M. Dou, H. He, D.S. Wang, Arsenate adsorption on an Fe-

Ce bimetal oxide adsorbent: Role of surface properties, Environ. Sci. Technol., 39 

(2005), pp. 7246–7253, 10.1021/es050775d 

[22] L. Dobes, F. Jotzo, D.I. Stern, The economics of global climate change: A 

historical literature review, Rev. Econ., 65 (2014), 10.1515/roe-2014-0305 

[23] N. Panizzut, P.M. Rafi-ul-Shan, H. Amar, F. Sher, M.U. Mazhar, J.J. Klemeš, 

Exploring relationship between environmentalism and consumerism in a market 

economy society: A structured systematic literature review, Clean. Eng. Technol., 

2 (2021), Article 100047, 10.1016/j.clet.2021.100047 

[24] P. Ehrlich, The population bomb, Sierra Club/Ballantine Books: New York, 

(1968), 10.9774/gleaf.978-1-907643-44-6_6 

[25] M. Roser, Future population growth, Our World Data (2013) 

[26] B. Purvis, Y. Mao, D. Robinson, Three pillars of sustainability: in search of 

conceptual origins, Sustain. Sci., 14 (2019), pp. 681–695, 10.1007/s11625-018-

0627-5 

[27] World commission on environment and development, Our common future, Oxford 

University Press: New York (1987) 

[28] U. Grober, Deep roots: A conceptual history of ‘sustainable development’, Berlin 

(2007) 

[29] S. Agrawala, Structural and process history of the intergovernmental panel on 

climate change, Clim. Change., 39 (1998), pp. 621–642, 

10.1023/A:1005312331477 



 

37 
 

 

  

[30] A.M. Rosen, The wrong solution at the right time: The failure of the kyoto protocol 

on climate change, Polit. Policy., 43 (2015), pp. 30–58, 10.1111/polp.12105 

[31] M. Lomazzi, B. Borisch, U. Laaser, The millennium development goals: 

experiences, achievements and what’s next, Glob. Health Action., 7 (2014), 

10.3402/gha.v7.23695 

[32] L. Fasulo, An Insider’s Guide to the UN, Yale University Press: New Haven 

(2021), 10.12987/9780300258394 

[33] Department of International Development, Growth building jobs and prosperity in 

developing counttries, (2007) 

[34] United Nations, What is the Paris Agreement?, in: United nations climate change, 

(2015), https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-

agreement 

[35] W. Rosa, Transforming our world: The 2030 agenda for sustainable development, 

(2017), pp. 530–568, 10.1891/9780826190123.ap02 

[36] S. Kumar, N. Kumar, S. Vivekadhish, Millennium development goals (MDGS) to 

sustainable development goals (SDGS): Addressing unfinished agenda and 

strengthening sustainable development and partnership, Indian J. Community Med., 

41 (2016), pp. 1–4, 10.4103/0970-0218.170955 

[37] B. Lagas, Five benefits of embracing sustainability and green manufacturing, in: 

Manufacturing innovation blog, NIST (2015) 

[38] P.T. Anastas, J.C. Warner, Green chemistry: Theory and practice, (1998) 

[39] E. Harrison, H. Smith, I. Dekker, Designing & facilitating a bioeconomy in the 

capital regional district, in: Learning through the lenses of biomimicry, industrial 

symbiosis, and green chemistry, University of victoria civil engineering (2021) 

[40] D. Kim, S.P. Nunes, Green solvents for membrane manufacture: Recent trends and 

perspectives, Curr. Opin. Green Sustain. Chem., 28 (2021), Article 100427, 

10.1016/j.cogsc.2020.100427 

[41] T. Marino, F. Galiano, A. Molino, A. Figoli, New frontiers in sustainable 

membrane preparation: CyreneTM as green bioderived solvent, J. Membr. Sci., 580 



 

38 
 

 

  

(2019), pp. 224–234, 10.1016/j.memsci.2019.03.034 

[42] H.H. Wang, J.T. Jung, J.F. Kim, S. Kim, E. Drioli, Y.M. Lee, A novel green 

solvent alternative for polymeric membrane preparation via nonsolvent-induced 

phase separation (NIPS), J. Membr. Sci., 574 (2019), pp. 44–54, 

10.1016/j.memsci.2018.12.051 

[43] H.A. Le Phuong, N.A. Izzati Ayob, C.F. Blanford, N.F. Mohammad Rawi, G. 

Szekely, Nonwoven membrane supports from renewable resources: bamboo fiber 

reinforced poly(Lactic Acid) composites, ACS Sustain. Chem. Eng., 7 (2019), pp. 

11885–11893, 10.1021/acssuschemeng.9b02516 

[44] G. Falca, V.E. Musteata, A.R. Behzad, S. Chisca, S.P. Nunes, Cellulose hollow 

fibers for organic resistant nanofiltration, J. Membr. Sci., 586 (2019), pp. 151–161, 

10.1016/j.memsci.2019.05.009 

[45] J.L. Shamshina, O. Zavgorodnya, H. Choudhary, B. Frye, N. Newbury, R.D. 

Rogers, In search of stronger/cheaper chitin nanofibers through electrospinning of 

chitin-cellulose composites using an ionic liquid platform, ACS Sustain. Chem. 

Eng., 6 (2018), pp. 14713–14722, 10.1021/acssuschemeng.8b03269 

[46] A.S.M. Wittmar, D. Baumert, M. Ulbricht, Cotton as precursor for the preparation 

of porous cellulose adsorbers, Macromol. Mater. Eng., 306 (2021), Article 

2000778, 10.1002/mame.202000778 

[47] R.A. Sheldon, The: E factor 25 years on: The rise of green chemistry and 

sustainability, Green Chem., 19 (2017), pp. 18–43, 10.1039/c6gc02157c 

[48] K. Simonen, I. V Muralikrishna, V. Manickam, Life cycle assessment: 

Environmental management, (2017), pp. 57–75 

[49] P.O. St Flour, C. Bokhoree, Sustainability assessment methodologies: Implications 

and challenges for SIDS, Ecologies., 2 (2021), pp. 285–304, 

10.3390/ecologies2030016 

[50] D.S. Sholl, R.P. Lively, Seven chemical separations to change the world, Nature., 

532 (2016), pp. 435–437, 10.1038/532435a 

[51] V. Rico-Ramírez, U. Diwekar, Multicomponent distillation, in: Encyclopedia of 

separation science, Academic Press (2000), pp. 1071–1081 



 

39 
 

 

  

[52] N. Kockmann, History of Distillation, in: Distillation, Academic Press (2014), pp. 

1–43, 10.1016/B978-0-12-386547-2.00001-6 

[53] D.R. Heldman, D.B. Lund, Evaporation and freeze concentration, in: Handbook of 

food engineering, CRC Press: Boca Raton (2007), pp. 495–552 

[54] D. E.Raynie, Extraction, in: Encyclopedia of separation science, Academic Press 

(2000), pp. 118–128 

[55] F.M. Antony, D. Pal, K. Wasewar, Separation of bio-products by liquid-liquid 

extraction, Phys. Sci. Rev., 6 (2021), 10.1515/psr-2018-0065 

[56] A. Bahadori, A. Bahadori, Gas–Liquid Separators, in: Natural gas Processing, 

O’Reilly Media (2014), pp. 151–222 

[57] J. McGinty, N. Yazdanpanah, C. Price, J.H. ter Horst, J. Sefcik, Nucleation and 

crystal growth in continuous crystallization, in: The handbook of continuous 

crystallization, RSC (2020), pp. 1–50, 10.1039/9781788013581-00001 

[58] Oak Ridge National Laboratory, Materials for separation technologies, in: Energy 

and emission reduction opportunities, (2005) 

[59] Z.-X. Low, H. Wang, Challenges in membrane-based liquid phase separations, 

Green Chem. Eng., 2 (2021), pp. 3–13, 10.1016/j.gce.2021.02.002 

[60] E.M.V. Hoek, V. V. Tarabara, Introduction, in: Encyclopedia of membrane science 

and technology, John Wiley & Sons (2013), pp. 1–7, 10.1002/9781118522318 

[61] S. Hao, Z. Jia, J. Wen, S. Li, W. Peng, R. Huang, X. Xu, Progress in adsorptive 

membranes for separation – A review, Sep. Purif. Technol., 255 (2021), Article 

117772, 10.1016/j.seppur.2020.117772 

[62] F.P. Nicoletta, G. De Filpo, P. Formoso, Hydrogel Membranes, in: Encyclopedia 

of membrane, Springer: Berlin Heidelberg (2015), pp. 1–4, 10.1007/978-3-642-

40872-4_1912-1 

[63] Y. Li, E. Wong, A. Volodine, C. Van Haesendonck, K. Zhang, B. Van Der 

Bruggen, Nanofibrous hydrogel composite membranes with ultrafast transport 

performance for molecular separation in organic solvents, J. Mater. Chem. A., 7 

(2019), pp. 19269–19279, 10.1039/c9ta06169j 



 

40 
 

 

  

[64] K.F.L. Hagesteijn, S. Jiang, B.P. Ladewig, A review of the synthesis and 

characterization of anion exchange membranes, J. Mater. Sci., 53 (2018), pp. 

11131–11150, 10.1007/s10853-018-2409-y 

[65] E. Sánchez-Díez, E. Ventosa, M. Guarnieri, A. Trovò, C. Flox, R. Marcilla, F. 

Soavi, P. Mazur, E. Aranzabe, R. Ferret, Redox flow batteries: Status and 

perspective towards sustainable stationary energy storage, J. Power Sources., 481 

(2021), Article 228804, 10.1016/j.jpowsour.2020.228804 

[66] National Research Council, C. King, Separation and purification: critical needs 

and opportunities, National Academy Press: Washington, DC (1987), 

10.17226/19188 

[67] National Research Council, Sustainability in the chemical industry: Grand 

challenges and research needs, The National Academies Press: Washington, DC  

(2006), 10.17226/11437 

[68] National Academies of Sciences and Medicine, A research agenda for 

transforming separation science, National Academies Press: Washington, DC 

(2019), 10.17226/25421 

[69] S. Ericson, J. Engel Cox, D. Arent, Approaches for integrating renewable energy 

technologies in oil and gas pperations, NREL (2019) 

[70] C. Beck, S. Rashidbeigi, O. Roelofsen, E. Speelman, The future is now: How oil 

and gas companies can decarbonize, Mckinsey & Company (2020) 

[71] D. Trache, A.F. Tarchoun, M. Derradji, T.S. Hamidon, N. Masruchin, N. Brosse, 

M.H. Hussin, Nanocellulose: from fundamentals to advanced applications, Front. 

Chem., 8 (2020), 10.3389/fchem.2020.00392 

[72] R. Ergun, J. Guo, B. Heubner-Keese, Cellulose, in: Encyclopedia of food and 

health, Elsevier (2016), pp. 694–702, 10.1016/B978-0-12-384947-2.00127-6 

[73] L. Alves, B.F. Medronho, F.E. Antunes, A. Romano, M.G. Miguel, B. Lindman, 

On the role of hydrophobic interactions in cellulose dissolution and regeneration: 

Colloidal aggregates and molecular solutions, Colloids Surfaces A Physicochem. 

Eng. Asp., 483 (2015), pp. 257–263, 10.1016/j.colsurfa.2015.03.011 

[74] S. Wang, A. Lu, L. Zhang, Recent advances in regenerated cellulose materials, 



 

41 
 

 

  

Prog. Polym. Sci., 53 (2016), pp. 169–206, 10.1016/j.progpolymsci.2015.07.003 

[75] S. Zhu, Y. Wu, Q. Chen, Z. Yu, C. Wang, S. Jin, Y. Ding, G. Wu, Dissolution of 

cellulose with ionic liquids and its application: A mini-review, Green Chem., 8 

(2006), pp. 325–327, 10.1039/b601395c 

[76] D.A. Fort, R.C. Remsing, R.P. Swatloski, P. Moyna, G. Moyna, R.D. Rogers, Can 

ionic liquids dissolve wood? Processing and analysis of lignocellulosic materials 

with 1-n-butyl-3-methylimidazolium chloride, Green Chem., 9 (2007), pp. 63–69, 

10.1039/b607614a 

[77] T. Röder, B. Morgenstern, N. Schelosky, O. Glatter, Solutions of cellulose in N,N-

dimethylacetamide/lithium chloride studied by light scattering methods, Polymer., 

42 (2001), pp. 6765–6773, 10.1016/S0032-3861(01)00170-7 

[78] J.M. Andanson, E. Bordes, J. Devémy, F. Leroux, A.A.H. Pádua, M.F.C. Gomes, 

Understanding the role of co-solvents in the dissolution of cellulose in ionic 

liquids, Green Chem., 16 (2014), pp. 2528–2538, 10.1039/c3gc42244e 

[79] W. Xie, T. Li, A. Tiraferri, E. Drioli, A. Figoli, J.C. Crittenden, B. Liu, Toward the 

next generation of sustainable membranes from green chemistry principles, ACS 

Sustain. Chem. Eng., 9 (2021), pp. 50–75, 10.1021/acssuschemeng.0c07119 

[80] S. Loeb, S. Sourirajan, Sea water demineralization by means of an osmotic 

membrane, in: Saline Water Conversion—II, ACS (1963), pp. 117–132, 

10.1021/ba-1963-0038.ch009 

[81] O.M. Vanderfleet, E.D. Cranston, Production routes to tailor the performance of 

cellulose nanocrystals, Nat. Rev. Mater., 6 (2021), pp. 124–144, 10.1038/s41578-

020-00239-y 

[82] K. Li, C.M. Clarkson, L. Wang, Y. Liu, M. Lamm, Z. Pang, Y. Zhou, J. Qian, M. 

Tajvidi, D.J. Gardner, H. Tekinalp, L. Hu, T. Li, A.J. Ragauskas, J.P. Youngblood, 

S. Ozcan, Alignment of cellulose nanofibers: harnessing nanoscale properties to 

macroscale benefits, ACS Nano., 15 (2021), pp. 3646–3673, 

10.1021/acsnano.0c07613. 

[83] A. Mautner, K.Y. Lee, P. Lahtinen, M. Hakalahti, T. Tammelin, K. Li, A. 

Bismarck, Nanopapers for organic solvent nanofiltration, Chem. Commun., 50 



 

42 
 

 

  

(2014), pp. 5778–5781, 10.1039/c4cc00467a 

[84] R.R. Choudhury, S.K. Sahoo, J.M. Gohil, Potential of bioinspired cellulose 

nanomaterials and nanocomposite membranes thereof for water treatment and fuel 

cell applications, Cellulose., 27 (2020), pp. 6719–6746, 10.1007/s10570-020-

03253-z 

[85] D.S. Bajwa, G. Pourhashem, A.H. Ullah, S.G. Bajwa, A concise review of current 

lignin production, applications, products and their environment impact, Ind. Crops 

Prod., 139 (2019), Article 111526, 10.1016/j.indcrop.2019.111526 

[86] H. Wang, Y. Pu, A. Ragauskas, B. Yang, From lignin to valuable products–

strategies, challenges, and prospects, Bioresour. Technol., 271 (2019), pp. 449–

461, 10.1016/j.biortech.2018.09.072 

[87] C.G. Yoo, A.J. Ragauskas, Opportunities and challenges of lignin utilization, in: 

ACS Symposium series, ACS (2021), pp. 1–12, 10.1021/bk-2021-1377.ch001 

[88] R. Rinaldi, R. Jastrzebski, M.T. Clough, J. Ralph, M. Kennema, P.C.A. Bruijnincx, 

B.M. Weckhuysen, Paving the way for lignin valorisation: Recent advances in 

bioengineering, biorefining and catalysis, Angew. Chemie - Int. Ed., 55 (2016), 

8164–8215, 10.1002/anie.201510351 

[89] E. Zanchetta, E. Damergi, B. Patel, T. Borgmeyer, H. Pick, A. Pulgarin, C. 

Ludwig, Algal cellulose, production and potential use in plastics: Challenges and 

opportunities, Algal Res., 56 (2021), Article 102288, 10.1016/j.algal.2021.102288 

[90] J.H. Aburabie, T. Puspasari, K.V. Peinemann, Alginate-based membranes: Paving 

the way for green organic solvent nanofiltration, J. Membr. Sci., 596 (2020) Article 

117615, 10.1016/j.memsci.2019.117615 

[91] F. Fei, H.A. Le Phuong, C.F. Blanford, G. Szekely, Tailoring the performance of 

organic solvent nanofiltration membranes with biophenol coatings, ACS Appl. 

Polym. Mater., 1 (2019), pp. 452–460, 10.1021/acsapm.8b00161 

[92] Z. Huang, S. Yin, J. Zhang, N. Zhang, Recent advances in membrane hydrophilic 

modification with plant polyphenol-inspired coatings for enhanced oily emulsion 

separation, J. Appl. Polym. Sci., 138 (2021), Article 50587, 10.1002/app.50587 

[93] R. Naomi, R.B.H. Idrus, M.B. Fauzi, Plant-vs. Bacterial-derived cellulose for 



 

43 
 

 

  

wound healing: A review, Int. J. Environ. Res. Public Health., 17 (2020), Article 

6803, 10.3390/ijerph17186803 

[94] F. ping Wang, X. jun Zhao, F. Wahid, X. qing Zhao, X. tong Qin, H. Bai, Y. yan 

Xie, C. Zhong, S. ru Jia, Sustainable, superhydrophobic membranes based on 

bacterial cellulose for gravity-driven oil/water separation, Carbohydr. Polym., 253 

(2021), Article 117220, 10.1016/j.carbpol.2020.117220 

[95] C. Gao, Y. Wan, C. Yang, K. Dai, T. Tang, H. Luo, J. Wang, Preparation and 

characterization of bacterial cellulose sponge with hierarchical pore structure as 

tissue engineering scaffold, J. Porous Mater., 18 (2011), pp. 139–145, 

10.1007/s10934-010-9364-6 

[96] H. Sai, R. Fu, L. Xing, J. Xiang, Z. Li, F. Li, T. Zhang, Surface modification of 

bacterial cellulose aerogels’ web-like skeleton for oil/water separation, ACS Appl. 

Mater. Interfaces., 7 (2015), pp. 7373–7381, 10.1021/acsami.5b00846 

[97] J. Jiang, J. Zhu, Q. Zhang, X. Zhan, F. Chen, A shape recovery zwitterionic 

bacterial cellulose aerogel with superior performances for water remediation, 

Langmuir., 35 (2019), pp. 11959–11967, 10.1021/acs.langmuir.8b04180 

[98] B. V. Mohite, S.H. Koli, S. V. Patil, Bacterial cellulose-based hydrogels: 

Synthesis, properties, and applications, in: Cellulose-based superabsorbent 

hydrogels, Springer Nature: Switzerland (2019), pp. 1255–1276, 10.1007/978-3-

319-77830-3_2 

[99] J. Szejtli, Introduction and general overview of cyclodextrin chemistry, Chem. 

Rev., 98 (1998), pp. 1743–1754, 10.1021/cr970022c 

[100] T. Loftsson, M.E. Brewster, Pharmaceutical applications of cyclodextrins: Basic 

science and product development, J. Pharm. Pharmacol., 62 (2010), pp. 1607–

1621, 10.1111/j.2042-7158.2010.01030.x 

[101] S.S. Braga, Cyclodextrins: Emerging medicines of the new millennium, 

Biomolecules., 9 (2019), Article 801, 10.3390/biom9120801 

[102] N. Li, L. Yang, X. Ji, J. Ren, B. Gao, W. Deng, Z. Wang, Bioinspired succinyl-β-

cyclodextrin membranes for enhanced uranium extraction and reclamation, 

Environ. Sci. Nano., 7 (2020), pp. 3124–3135, 10.1039/d0en00709a 



 

44 
 

 

  

[103] L. Liu, L. Yu, B. Borjigin, Q. Liu, C. Zhao, D. Hou, Fabrication of thin-film 

composite nanofiltration membranes with improved performance using β-

cyclodextrin as monomer for efficient separation of dye/salt mixtures, Appl. Surf. 

Sci., 539 (2021), Article 148284, 10.1016/j.apsusc.2020.148284 

[104] M. Heng, H. Zhang, Y. Li, Y. Xue, F. Pei, J. Wang, J. Liu, Tunable solvent 

permeation properties of thin film nanocomposite membrane by constructing dual-

pathways using cyclodextrins for organic solvent nanofiltration, ACS Sustain. 

Chem. Eng., 3 (2015), pp. 1925–1933, 10.1021/acssuschemeng.5b00435 

[105] T. Huang, B.A. Moosa, P. Hoang, J. Liu, S. Chisca, G. Zhang, M. AlYami, N.M. 

Khashab, S.P. Nunes, Molecularly-porous ultrathin membranes for highly selective 

organic solvent nanofiltration, Nat. Commun., 11 (2020), Article 5882, 

10.1038/s41467-020-19404-6 

[106] S. Farah, D.G. Anderson, R. Langer, Physical and mechanical properties of PLA, 

and their functions in widespread applications — A comprehensive review, Adv. 

Drug Deliv. Rev., 107 (2016), pp. 367–392, 10.1016/j.addr.2016.06.012 

[107] P. Guo, F. Wang, T. Duo, Z. Xiao, A. Xu, R. Liu, C. Jiang, Facile fabrication of 

methylcellulose/PLA membrane with improved properties, Coatings., 10 (2020), 

Article 499, 10.3390/COATINGS10050499 

[108] B.E. Arteaga-Ballesteros, A. Guevara-Morales, E.S. Martín-Martínez, U. Figueroa-

López, H. Vieyra, Composite of polylactic acid and microcellulose from kombucha 

membranes, E-Polymers., 20 (2021), 10.1515/epoly-2021-0001 

[109] A. Bose, T.W. Wong, Oral colon cancer targeting by chitosan nanocomposites: 

Applications of nanocomposite materials in drug delivery, Woodhead Publishing 

Series in Biomaterials (2018), pp. 409–429, 10.1016/B978-0-12-813741-3.00018-2 

[110] D. Elieh-Ali-Komi, M.R. Hamblin, Chitin and chitosan: Production and application 

of versatile biomedical nanomaterials., Int. J. Adv. Res., 4 (2016), pp. 411–427 

[111] E. Szymańska, K. Winnicka, Stability of chitosan - A challenge for pharmaceutical 

and biomedical applications, Mar. Drugs., 13 (2015), pp. 1819–1846, 

10.3390/md13041819 

[112] H. Zhan, T. Zuo, R. Tao, C. Chang, Robust tunicate cellulose 



 

45 
 

 

  

nanocrystal/palygorskite nanorod membranes for multifunctional oil/water 

emulsion separation, ACS Sustain. Chem. Eng., 6 (2018), pp. 10833–10840, 

10.1021/acssuschemeng.8b02137 

[113] D. Hu, Y. Cui, K. Mo, J. Wang, Y. Huang, X. Miao, J. Lin, C. Chang, Ultrahigh 

strength nanocomposite hydrogels designed by locking oriented tunicate cellulose 

nanocrystals in polymeric networks, Compos. Part B Eng., 197 (2020), Article 

108118, 10.1016/j.compositesb.2020.108118 

[114] A.J. Mateos, A.A. Cain, J.C. Grunlan, Large-scale continuous immersion system 

for layer-by-layer deposition of flame retardant and conductive nanocoatings on 

fabric, Ind. Eng. Chem. Res., 53 (2014), pp. 6409–6416, 10.1021/ie500122u 

[115] M. Nagalakshmaiah, S. Afrin, R.P. Malladi, S. Elkoun, M. Robert, M.A. Ansari, A. 

Svedberg, Z. Karim, Biocomposites: Present trends and challenges for the future, 

in: Green composites for automotive applications, Woodhead Publishing Series in 

Biomaterials (2019), pp. 197–215, 10.1016/B978-0-08-102177-4.00009-4 

[116] K. Senathirajah, S. Attwood, G. Bhagwat, M. Carbery, S. Wilson, T. Palanisami, 

Estimation of the mass of microplastics ingested – A pivotal first step towards 

human health risk assessment, J. Hazard. Mater., 404 (2021), Article 124004, 

10.1016/j.jhazmat.2020.124004 

[117] M. Biron, Plastics sustainability: Prospective, in: A practical guide to plastics 

Sustainability, William Andrew (2020), pp. 595–627, 10.1016/b978-0-12-821539-

5.00012-4 

[118] S.H. Park, A. Alammar, Z. Fulop, B.A. Pulido, S.P. Nunes, G. Szekely, 

Hydrophobic thin film composite nanofiltration membranes derived solely from 

sustainable sources, Green Chem., 23 (2021), pp. 1175–1184, 10.1039/d0gc03226c 

[119] C. Da Silva Meireles, G. Rodrigues Filho, R.M.N. De Assunção, D.A. Cerqueira, 

M. Zeni, K. Mello, S. Lorenzi, Production and characterization of membranes of 

recycled waste materials: Cellulose acetate, obtained from sugarcane bagasse with 

polystyrene from plastics cups, Polym. Eng. Sci., 48 (2008), pp. 1443–1448, 

10.1002/pen.21072 

[120] L. Wu, J. Tang, S. Zhang, J. Wang, X. Ding, Using recycled concrete as an 



 

46 
 

 

  

adsorbent to remove phosphate from polluted water, J. Environ. Qual., 48 (2019) 

pp. 1489–1497, 10.2134/jeq2019.02.0080 

[121] E. Wang, N. Nishant, Sneaker maker Allbirds valued at over $3 bln in strong 

Nasdaq debut, Reuters. (n.d.), https://www.reuters.com/business/retail-

consumer/sneaker-maker-allbirds-valued-over-3-bln-strong-nasdaq-debut-2021-11-

03/ 

[122] Global algae products market (2021), 

https://www.marketsandmarkets.com/Market-Reports/algae-product-market-

250538721.html 

[123] H. Oliver-Ortega, J.A. Méndez, P. Mutjé, Q. Tarrés, F.X. Espinach, M. Ardanuy, 

Evaluation of thermal and thermomechanical behaviour of bio-based polyamide 11 

based composites reinforced with lignocellulosic fibres, Polymers (Basel). 9 (2017) 

522. https://doi.org/10.3390/polym9100522. 

[124] H. Miyazu, Bioplastics & biopolymers market future growth, Revenue analysis, 

demand forecast to 2023, Market Watch (2021), 

https://www.marketwatch.com/press-release/bioplastics-biopolymers-market-

future-growth-revenue-analysis-demand-forecast-to-2023-2021-09-24?tesla=y 

  

 



 

47 
 

 

  

Chapter 3  

3. Polymer-based nanofiltration membranes  
 

A. Alammar and G. Szekely, Polymer-based nanofiltration membranes, in: Advancement in 

polymer-based membranes for water remediation (2022) 159–196. 

https://doi.org/10.1016/C2020-0-03072-0.  

 

Contribution: Abdulaziz participated in the conceptualization of the work, conducted the 

thorough literature review, wrote the manuscript, and addressed the comments during the 

revision. The manuscript was submitted for publication as a separate chapter of a book entitled 

“Advancement in Polymer-Based Membranes for Water Remediation”. The editors of this 

book are Sanjay Kumar Nayak Sr, Kingshuk Dutta, Jaydevsinh M. Gohil, and the publisher is 

Elsevier. 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/C2020-0-03072-0


C H A P T E R

5

Polymer-based nanofiltration
membranes

Abdulaziz Alammar1 and Gyorgy Szekely2
1Department of Chemical Engineering and Analytical Science, The University of Manchester,

Manchester, United Kingdom 2Advanced Membranes and Porous Materials Center, King

Abdullah University of Science and Technology, Thuwal, Saudi Arabia

5.1 Introduction

Since the revolutionization of the polymer industry by Hermann Staudinger and
Wallace Carothers in the 1920s�1930s, synthetic polymers have become a big part of
industrialization, and it would be impossible to imagine the world without them (Abd-El-
Aziz, Antonietti, & Barner-Kowollik, 2020). Advances in polymer science have made mem-
brane technology increasingly competitive to the well-established separation technologies
commonly used in the industry, such as distillation, extraction, adsorption/absorption,
and crystallization. Membranes are usually classified as selective barriers that allow only
specific molecules to pass through while rejecting other molecules. Membrane technology
is environmentally friendly, energy-efficient, simple, and easy to integrate with other tech-
nologies. For example, using membranes over heat-driven technologies, such as distillation
and evaporation, can minimize energy consumption by orders of magnitude (Sholl &
Lively, 2016). Membranes have been successfully demonstrated in the context of environ-
mental remediation and improved quality of life. Polymeric membranes have been favored
over their counterpart (ceramic membranes) owing to their ease of fabrication, lower cost,
chemical tunability, and controllable hydrophobicity/hydrophilicity, which enable differ-
ent driving forces for various types of separation. As there is a growing body of literature
on polymer-based membranes, they have been classified on the basis of the type of the
driving force of separation (e.g., pressure, voltage, temperature, and concentration).

Increased awareness about sustainable separations, booming population, demand for
clean water, and strict environmental regulations has created a huge market for membrane
technology. It is projected that polymeric membranes will continue to be the leading
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membrane technology for the upcoming decade (Lin & Ding, 2020). Membrane technology
covers 8 of the 17 sustainability goals set by the United Nations, as illustrated by Nunes,
Culfaz-Emecen, and Ramon (2020) indicating a huge potential boost for its global market
share in the future.

The nanofiltration (NF) membrane technology is a distinct pressure-driven process that
emerged in the 1980s. The concept of NF was investigated by Peter Eriksson (Eriksson,
1988) and he is considered a pioneer of the NF membrane technology. NF membranes were
originally developed for aqueous applications, particularly for water softening and dye
removal, but some polymers were found to be stable in a number of organic solvents and
therefore can be used for organic solvent applications (Chuntanalerg, Bureekaew, Klaysom,
Lau, & Faungnawakij, 2018). Interestingly, NF membranes were shadowed by the reverse
osmosis (RO) membrane market in the early days; RO membranes rejected during produc-
tion because of quality control failures were sold as NF membranes at a lower cost (Pearce,
2011). NF has remained a niche technology for years; however, it has been gradually
improving. In 1984 FilmTec (now a subsidiary of DuPont de Nemours Inc.) used NF to
describe their RO process, which was designed to partially separate ions in the feed to make
it more efficient for water purification (Van der Bruggen, Hoek, & Tarabara, 2013). Mery-
sur-Oise, located in the northern region of Paris, was the first large-scale NF membrane
plant for drinking water production (Ventresque, Gisclon, Bablon, & Chagneau, 2000).
Although Lonsdale prepared RO membranes with properties similar to that of NF mem-
branes, denoted as “loose RO” or “advance RO” membranes, to minimize the energy
requirement of the RO process (Van der Bruggen et al., 2013), there is still confusion about
NF membranes as a new classification. Some argue that “loose RO” or “tight ultrafiltration”
(UF) is adequate to describe the filtration properties. We advise the reader not to be con-
fused about the terminology used in the literature or industry but to focus on the filtration
characteristics of the NF membrane. It is reasonable to describe NF membranes as having
multiple separation properties in tandem (e.g., molecular sieving, electrostatic exclusion,
and Donnan exclusion). The NF membrane has the property of a UF membrane for the
rejection of uncharged organic matter realized by the molecular weight cutoff (MWCO),
which is the most commonly used indicator by the membrane community to approximate
the pore size characteristics. The MWCO of NF membranes is between 100 and 1000 g mol21

(with pore diameters of ,2 nm). In addition, the surface charge of polymer-based NF mem-
branes in aqueous solutions depends on the functional groups (e.g., carboxylic and sulfonic
acids) (Oatley-Radcliffe et al., 2017); thus, the separation mechanism cannot be limited to
only one driving force. NF membranes have certain advantages over RO membranes in
terms of productivity and energy requirements and exhibit better separation performance
compared to UF membranes, which increases the industrial applicability of NF membranes.
As such, NF membranes have been investigated for an extensive range of applications such
as the separation of oil emulsions, triacylglycerols, sugars, amino acids, dyes, heavy metals,
divalent salts, pesticides, and pathogens used for solvent recovery and challenging debottle-
necking processes, such as catalysis and crystallization (Islam, Hassan-uz-Zaman, Islam,
Clemens, & Ahmed, 2020). The market for polymer-based NF membranes is expected to
have the highest growth during the forecast period of 2018�27 owing to their potential in
the food, beverage, and pharmaceutical industries as well as their flexibility for use with the
RO process for desalination and water treatment (BusinessWire, 2020).

160 5. Polymer-based nanofiltration membranes

II. Water remediation using polymeric nanofiltration membrane technologies



Environmental regulations are becoming stricter and the emergence of challenging separa-
tions requires further advancements in membrane materials and preparation as well as pro-
cess optimization to elevate the state-of-art of the polymer-based NF membranes. The overall
direction of current research can be summarized as follows: (1) developing novel materials,
(2) optimizing membrane preparation methods, and (3) understanding and modeling mem-
brane transport mechanisms at the molecular level. Recent breakthroughs in polymer-based
NF membrane studies related to novel materials are associated with incorporating emerging
2D materials and metal organic frameworks (MOFs) while minimizing the separation layer to
be # 10-nm thick (denoted as ultrathin). Ultrathin NF membranes with microporous proper-
ties have potential in various separation applications, including water treatment, desalination,
and organic solvent nanofiltration (OSN) (Jimenez-Solomon, Song, Jelfs, Munoz-Ibanez, &
Livingston, 2016), as well as hydrocarbon separation in the oil and gas industry (Thompson,
Mathias, & Kim, 2020). This chapter discusses the research and industrial efforts toward solv-
ing these separation challenges and the types of polymer-based NF membranes, including
their different preparation methods, the current state-of-art, with a focus on their potential
application in water remediation and OSN, commercial viability, and future direction.

5.2 Polymer-based nanofiltration membranes

NF membranes have a porous separation layer with nanoscale pore size. The separation
mechanism, which is mainly driven by electrostatic repulsion, dielectric effect, and size
exclusion, is complex because of the small pore size (Fig. 5.1).

Energy-efficient liquid separation requires highly permeable and molecularly selective
membranes to achieve a feasible timeframe and excellent purity. Two approaches are avail-
able for the fabrication of NF membranes that satisfy these criteria: (1) tuning the polymer
microporosity at the molecular level via techniques such as physical dispersion, polymer
blending, hybridization, network interpenetration, and organic framework controlling and
(2) reducing the thickness of the separation layer to the nanometer level (Zhao, Li, Shen,
Gao, & Van Der Bruggen, 2020). Elimelech’s group reviewed the state-of-the-art and prog-
ress of membrane materials (i.e., morphologies, surface modifications, and chemical func-
tionalities) to develop next-generation, high-performance NF membranes for desalination
and water treatment that can be easily extended to other applications (e.g., OSN). Some
recent advances include developing artificial water channels (AWCs), block copolymers,
graphene-based materials, and polymerizable surfactants (Werber, Osuji, & Elimelech, 2016).

For industrial scale, polymer-based NF membranes are prepared in the form of several
membrane modules, for example, hollow fiber, spiral wound, plate and frame, tubular,
and capillary. Hollow-fiber modules have the highest packing density compared to other
membrane module designs. In addition, hollow-fiber modules may be more suitable
than spiral-wound modules, the most widely used membrane module for RO and NF, for
high-permeance membranes. Further, spacers help in optimizing the membrane perfor-
mance and energy efficiency of the process, for example, avoiding high-pressure drop and
concentration polarization. In general, increasing the shear rates in the feed stream
decreases the concentration polarization and improves the mass transfer rates. This section
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focuses on the current state-of-the-art polymer-based materials for preparing advanced
NF membranes.

Before discussing the types and advances made in polymer-based NF membranes, the
intrinsic properties and separation mechanisms of NF membranes are discussed. Mass
transfer region divisions of an NF membrane were summarized by Van der Bruggen’s
group, as depicted in Fig. 5.2. In this figure, the first region is assigned to solution-
diffusion models that describe the mass transfer of RO membranes, which govern the nonpo-
rous zone. The porous zone is divided into two regions depending on pore size: (1) partial
salt passage region (PSR) and (2) absolute salt passage region (ASR). The final mass
transfer region is based on the idea of a “water molecule channel” and is assigned to the
water molecule passage region (WMR). Fig. 5.2 shows a conceptual approach for describ-
ing the mass transfer of NF membranes, which is very complex to be easily differentiated.
This can be applied to the separation of solute, in general, and not just for desalination;
however, for OSN, it may not be suitable to group them with aqueous-based separations
due to the notable differences in the properties of organic solvents (Marchetti, Peeva, &
Livingston, 2017; Zhang, Tian, Gao, & Van Der Bruggen, 2020). The solution-diffusion
region (SDR) can well explain the mass transfer of RO membranes. For example, mass
transfer starts with the absorption of solutes or ions from feed solutions into the separation
layer of the NF membrane. Then, diffusion from the separation top layer to the permeate
occurs, followed by desorption from the membrane structure and ending with the perme-
ate. The solution-diffusion model describes the mass transfer of solutes and water inde-
pendently for aqueous solution separations. The WMR represents the mass transfer of

FIGURE 5.1 Separation mechanisms of a polymer-based nanofiltration (NF) membrane. Source: From Nicolini,
J. V., Borges, C. P., Ferraz, H. C. (2016). Selective rejection of ions and correlation with surface properties of nanofiltration
membranes. Separation and Purification Technology, 171, 238�247. https://doi.org/10.1016/j.seppur.2016.07.042.
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water molecules, that is, “water channeling” across the NF membrane, in both nonporous
and porous zones. Only water molecules pass through due to their intermolecular forces
that repel solutes (i.e., salt ions). For example, increasing the WMR improves the water
permeability while maintaining the salt rejection performance at an acceptable level.
Moreover, the PSR lies in the porous zone, wherein salt ions can be effectively rejected
due to their larger hydrated ionic diameter compared to the pore size of the NF mem-
branes and/or due to the same electrostatic charge of the NF membrane as a result of elec-
trostatic repulsion. Therefore, increasing the PSR leads to increased water permeance.
Finally, the ASR also lies in the porous zone of the NF membrane, where the pore size is
too large and both water and solutes (salt ions) pass through. Thus the charge of the NF
membrane has no effect on the ASR because its pores have a larger diameter than the
Debye length (i.e., the minimum distance where the electrical field has an effect). Hence,
increasing the ASR increases the water permeance but deteriorates the salt rejection perfor-
mance. Increasing the SDR, WMR, and PSR while decreasing the ASR can lead to opti-
mum NF membrane performance.

Surface hydrophilicity is one of the key parameters that enhances the water mass trans-
fer of NF membranes. Many approaches have been reported in the literature to improve
hydrophilicity, such as surface grafting, surface coating, chemical modification, and irradi-
ation. However, a limitation of surface coating is that it usually drastically decreases the
water permeance due to increased membrane thickness. This decrease in water permeance
can be termed as hydraulic resistance. Incorporating inorganic nanomaterials or cosolvents
is challenging due to their varying interfacial properties (i.e., incompatibility), which may
result in defects in the polymer matrix (i.e., voids at the polymer�inorganic interface),
increasing the membrane permeance at the expense of deteriorated solute rejection perfor-
mance. The following subsections highlight the main breakthroughs in polymer-based NF
membranes.

FIGURE 5.2 Mass transfer region of polymer-based nanofiltration (NF) membranes. Source: From Zhang, R.,
Tian, J., Gao, S., & Van Der Bruggen, B. (2020). How to coordinate the trade-off between water permeability and salt rejec-
tion in nanofiltration? Journal of Materials Chemistry A, 8(18), 8831�8847. https://doi.org/10.1039/d0ta02510k
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5.2.1 Natural and bioinspired nanofiltration membranes

Among natural polymers, cellulose has attracted the most attention owing to its
biocompatibility and abundance in nature. Research has shown the promising potential of
cellulose in selective liquid separation for materials reinforcement and biofuel utilization.
In addition, cellulose has already been adopted in various industries, such as pharmaceuti-
cal, textile, and paper. The main challenge that hampers cellulose from widespread indus-
trial adoption is the difficulty in solubilizing it in common organic solvents. However,
recent studies have demonstrated a number of sustainable processes to develop defect-free
flat-sheet and hollow-fiber membranes for OSN using ionic liquids (Falca, Musteata,
Behzad, Chisca, & Nunes, 2019; Kim, Livazovic, Falca, & Nunes, 2019), as well as by
extracting cellulose fibers and separating them into small fibrils with diameters of ,4 nm
(Li, Chen, & Brozena, 2021). The utilization of cellulose nanofibers (CNFs) and cellulose
nanocrystals (CNCs) is emerging as a potential technique for developing high-
performance NF membranes. Although both CNFs and CNCs are derived from nanoscale
cellulose fibers, they differ in shape, size, structure, and dispersion properties (Xu et al.,
2013). Tan et al. developed a sustainable process to extract virgin silk nanofibrils (SNFs)
using green deep eutectic solvents comprising urea and guanidine hydrochloride
(GuHCl). They also developed a freestanding CNF membrane with strong mechanical
properties, chemical resistance, and good separation performance for dyes, ions, and pro-
teins in an aqueous environment (Tan, Zhao, & Mu, 2018). Incorporating CNCs into the
aqueous solution of piperazine using the conventional interfacial polymerization (IP)
method enhanced the hydrophilicity and surface area of the prepared thin-film nanocom-
posite (TFN) NF membranes, thereby increasing the water permeance while maintaining
the rejection of Na2SO4 (. 98%) (Huang, Wu, & Zhu, 2019). Similarly, Zhang et al. pre-
pared cellulose-based membranes by depositing CNFs under vacuum on a filter paper
containing hydroxyapatite (HAP) nanowires as porous support, which resulted in high
separation performance for various dyes (i.e., rejections of 65.8% and 75.7% for Na2SO4

and NaCl, respectively) (Zhang, Zhu, Wu, & Dong, 2019). This concept of combining the
self-assembly of SNFs and in situ biomineralization to develop multilayer NF membranes
(i.e., SNF/HAP) was simulated and proven experimentally to have high permeance and
rejection of various containments for water remediation (Ling et al., 2017).

Mussel-inspired polydopamine (PDA) has been widely studied for improving mem-
brane rejection, antifouling, and antibacterial properties. Meng et al. demonstrated the use
of bioinspired catechol chemistry in PDA-assisted polyelectrolyte layer by layer (PDA-a-
LBL) to enhance the long-term stability of the resultant NF membranes in harsh alkaline
and acidic conditions (Meng, Song, Yao, Liu, & Zhao, 2020). Moreover, Qiu et al. demon-
strated the possibility of aggregating green tea catechin/chitosan at the nanoscale on a
polysulfone (PSf) support by oxidizing their catechol groups using natural oxidizing
agents such as tyrosinase and laccase and cross-linking with chitosan to form a dense sep-
aration layer mimicking the self-polymerization of dopamine. The prepared thin-film com-
posite (TFC) membranes showed high rejection of Na2SO4 and stable water permeance of
7.5 L m22 h21 bar21 over 10 days of operation (Qiu, Zhong, Du, Lv, & Xu, 2016). However,
surface modification using PDA usually decreases the membrane permeance due to the
extra layer of hydraulic resistance formed by the molecular aggregation of PDA oligomers.
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In contrast, bioinspired aquaporins (AQPs) have inspired much research interest given
their unique features of selective water molecule passage and total ionic rejection, as illus-
trated in Fig. 5.3. These biological proteins channel water at a very fast rate when inserted
into phospholipid membranes and are essential for cellular function. Kumar et al. demon-
strated a novel strategy for developing AQP-based membranes by incorporating bacterial
aquaporin Z (AQPZ) into block copolymer vesicles to form an ultrathin bilayer on a
porous support, thereby shifting the paradigm from mechanically less-stable lipid vesicles for
water purification (Kumar, Grzelakowski, Zilles, Clark, & Meier, 2007). Few studies have
investigated routes to improve the mechanical stability of AQPZ-based membranes and the
vesicle rupture process to immobilize AQ PZs (Xie He et al., 2013; Wang et al., 2015). Yet,
scaling-up AQP-based membranes without generating defects remains challenging.
Moreover, protein stability should not be overlooked because it can hamper practical
applications as low-temperature storage is required to maintain its activity for long-term
continuous operation (Werber et al., 2016). Vincenzo et al. proposed a novel approach for
scalable biomimetic membranes using hexylureido-ethyl-imidazole (HC6) as an AWC.
This includes the addition of a preliminary step to the conventional IP method to incorpo-
rate the AWC into the polyamide layer. The biomimetic membrane, TFC�HC6, realized a
relatively high water permeance of B1.2 L m22 h21 bar21 while maintaining 99.5%
rejection of NaCl (i.e., minimizing the energy requirement of desalination by B12%)
(Di Vincenzo, Tiraferri, & Musteata, 2021).

5.2.2 Mixed-matrix nanofiltration membranes

Mixed-matrix membranes have attracted the attention of academia and industry for the engi-
neering of various inorganic fillers such as porous and nonporous nanomaterials, MOFs, zeolitic
imidazolate frameworks, and covalent organic frameworks (COFs) (Kandambeth, Biswal, &
Chaudhari, 2017; Liu et al., 2020) to improve the capability of polymeric NF membranes.

Well-defined porous materials, such as MOFs, COFs, porous organic cages, and coordina-
tion polymers, are ideal in terms of both selectivity and permeability. However, COF-based

FIGURE 5.3 Bioinspiration for molecularly precise and highly permeable water channels and the process of
assembly and preparation of nanofiltration (NF) membranes. Source: From Shen, Y. X., Song, W. C., Ryan Barden,
D., et al. (2018). Achieving high permeability and enhanced selectivity for Angstrom-scale separations using artificial water
channel membranes. Nature Communications, 9, 2294�2294. https://doi.org/10.1038/s41467-018-04604-y.
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NF membranes are usually prepared via phase inversion [e.g., integrally skinned asymmet-
ric (ISA) membranes] with thick and rigid separation layers due to the high molecular orien-
tation of COF, resulting in decreased mass transfer and increased possibility of fractures or
defects (Li, Zhu, Li, Guo, & Van Der Bruggen, 2020). Moreover, the fabrication of these
materials is challenging technically and economically. Controlling the pore size of the NF
membrane is difficult, and most studies report the average pore size; thus, increasing the
pore size without a uniform or narrow size distribution will promote water permeance at
the expense of membrane rejection (Park, Kamcev, Robeson, Elimelech, & Freeman, 2017).
Surwade et al. developed nanoporous graphene membranes with small and uniform size
distribution (0.5�1 nm) using plasma etching, with extraordinary water permeance of at
least 252 L m22 h21 bar21 and almost complete rejection of KCl. However, this technique is
not feasible for scale-up (Surwade, Smirnov, & Vlassiouk, 2016).

The introduction of superhydrophilic nanomaterials, such as GO and carbon nanotubes
(CNTs), creates water molecule channels in the top separation layer of NF membranes,
increasing the favorable WMR and, therefore, enhancing the water permeance. In addition,
graphene is used for constructing water channels to enlarge the WMR. However, these
nanomaterials fail to resolve the incompatibility, as mentioned previously in this section
(Zhang et al., 2020).

5.2.3 Block-copolymer nanofiltration membrane

A block copolymer is a polymer that comprises two or more monomers that are cova-
lently bonded with distinctive chemical sequences prepared as nanoscale self-assembly
building blocks or amphiphilic macromolecular surfactants. The most promising approach
to develop tailored NF membranes is engineering self-assembled block polymers with
embedded functional groups on the external and/or interior pore walls (i.e., direct incor-
poration, postsurface grafting, and coupling reactions), as shown in Fig. 5.4 (Jin et al.,
2020; Zhang et al., 2020). Peinemann’s group developed asymmetric isoporous NF mem-
branes with a narrow pore-size distribution and an average pore size of 1.5 nm for the sep-
aration of solutes bigger than an MWCO of 600 in aqueous solutions via self-assembly of
block copolymers combined with the simplicity of phase separation for membrane prepa-
ration (Peinemann, Abetz, & Simon, 2007; Qiu et al., 2013; Yu, Qiu, & Moreno, 2015).
Recently, high-flux NF membranes for dye/salt separation (water permeance5 49.3
6 0.9 L m22 h21 bar21, MWCO5 655 Da) were reported by Liu et al. using polysulfone-block-
polyethylene glycol (PSf-b-PEG) membranes prepared via the phase inversion method; the
loose NF membrane allowed complete salt passage while achieving B98% dye rejection,
which is attractive for practical water remediation (Liu, Wang, & Wang, 2021).
Zwitterionic polymers contain opposite-charge functional groups with zero net charge for
the entire molecule. Blocks of zwitterionic copolymers have been incorporated on the sur-
face of a thin polyamide layer via the IP reaction of amines (Duong, Daumann, Hong,
Ulbricht, & Nunes, 2019). The high cost of block copolymers is a concern for large-scale
production, especially for water treatment, where monetization is limited compared to
OSN. Nevertheless, the cost can be reduced over time through automation and increased
interest in sustainable water treatment (Radjabian & Abetz, 2020).
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5.2.4 Intrinsic microporous polymer-based nanofiltration membrane

Enhancement of the microporosity of polymer-based NF membranes to increase permeance
without sacrificing membrane rejection has attracted much research interest. For example,
polymers of intrinsic microporosity (PIMs) have promising features, including a rigid back-
bone and contorted polymer chains that result in inefficient packing; thus, nanometer-sized
voids act as micropores, which are suitable for gas separation but limited to liquid separation
due to their solubility in certain solvents (e.g., not ideal for OSN). It has been challenging to
develop an ultrathin PIM-1 NF membrane without compromising the separation performance
due to physical aging. In general, most polymers used in the preparation of NF membranes
are glassy polymers that experience aging over time. Polymer aging can be defined as the
rearrangement of polymer chains from a nonequilibrium state to a nonachievable equilibrium
state as a function of time without any external influence. This effect leads to polymer chain

FIGURE 5.4 (A) Block polymer precursors molecularly engineered to achieve different pore wall chemistries.
(B) Illustration of various capabilities enabled by functionalizing the pore walls within the membrane matrix.
Source: From Zhang, Y., Almodovar-Arbelo, N. E., Weidman, J. L., Corti, D. S., Boudouris, B. W., & Phillip, W. A.
(2018). Fit-for-purpose block polymer membranes molecularly engineered for water treatment. npj Clean Water, 1, 2�2.
https://doi.org/10.1038/s41545-018-0002-1a.
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packing and collapse of pores, which is more pronounced in the case of high free-volume
polymers, such as PIMs (Low, Budd, McKeown, & Patterson, 2018). Unexpected reduction in
solvent permeance was observed when the membrane thickness was decreased to ,140 nm
(Gorgojo et al., 2014). This phenomenon has been extensively studied for PIM-based mem-
branes; the lower the glass transition temperature (Tg) and the more flexible the polymer
chains, the more efficient the packing (close to the equilibrium) and hence lower permeance.
Thus this phenomenon can limit linear macromolecules in the fabrication of ultrathin NF
membranes. Jimenez-Solomon et al. demonstrated an ultrathin TFC NF membrane (i.e., a
cross-linked polyarylate layer with a thickness of B20 nm) with interconnected microporosity
that can be realized using the conventional IP method without compromising the rejection
performance. They suggested the use of rigid contorted monomers in noncoplanar orientation
to enhance the interconnectivity between intermolecular voids to achieve higher permeance
and stability for organic solvents than when incorporating rigid moieties such as tetraphenyl-
silane (TPS) and tetraphenylmethane (TPM) as building blocks (Jimenez-Solomon et al., 2016).
Furthermore, nontoxic cavity structures such as cyclodextrins (CDs) have been used recently
as monomers via IP to prepare ultrathin TFC NF membranes with enhanced interconnected
microporosity; the prepared polyamide-CD membrane is stable for a wide range of organic
solvents with an MWCO of B560 g mol21 (Huang, Puspasari, Nunes, & Peinemann, 2020).

Thompson et al. evinced the superior functionalities of tuning polymer microporosity
for the fractionation of crude oil mixtures, which is traditionally realized via energy-
extensive distillations in the petrochemical industry. This was achieved by developing a
novel polymer structure similar to PIM-1 but without its shortcomings, that is, plasticiza-
tion and swelling due to “motion-enabled zones” or “flexible breathing motions” in the
polymer network, thereby resulting in a higher free volume. The developed spirobifluor-
ene aryl diamine (SABD) polymer is based on flexible C�N connections between the aro-
matic building blocks and spirocyclic, enabling π�π stacking interactions and efficient
chain packing, which results in noninterconnected microporosity structure owing to the
absence of ladder-like morphology. The SABD TFC membranes were prepared on cross-
linked polyetherimide supports and showed good hydrocarbon separation (i.e., an MWCO
of 253 g mol21 and a permeance of 0.1�0.7 L m22 h21 bar21) (Thompson et al., 2020).

5.3 Preparation of polymer-based nanofiltration membranes

5.3.1 Phase inversion

Membrane preparation methods have been established and optimized for decades. In
the 1960s, the development of ISA membranes via phase inversion opened new horizons
for the application of the polymeric membrane technology in industrial commercialization
(Loeb & Sourirajan, 1963). It is still the most widely used method for preparing polymer-
based NF membranes owing to its simplicity, scalability, and relatively low cost. Phase
inversion can be described as the control solidification of a solvent-polymer solution (or a
dope solution), wherein it transforms from liquid phase to solid phase. This phase trans-
formation can be induced by a number of driving forces: nonsolvent-induced phase sepa-
ration (NIPS), thermal-induced phase separation, nonsolvent-vapor-induced phase
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separation, and evaporation-induced phase separation (Guillen, Pan, Li, & Hoek, 2011).
Among these, NIPS is the most popular for the preparation of an NF membrane with an
asymmetric structure comprising a dense top layer (or separation layer) with small pores
propagating to larger pores to form a support sublayer (Kahrs & Schwellenbach, 2020). In
a typical preparation procedure, a dope solution is cast on a nonwoven polymeric support
using a casting knife and the cast film is then immersed into a nonsolvent coagulation
bath (usually water), as shown in Fig. 5.5.

The thermodynamic and kinetic properties of the dope solution are two key aspects that
strongly affect the morphology and properties of the resultant membrane. The ternary phase
diagram is often used as a simplified representation of the thermodynamic behavior of the
three components (polymer, solvent, and nonsolvent). Demixing between solvent and non-
solvent is initiated upon contacting the cast film with the nonsolvent, resulting in a
polymer-rich phase with high polymer concentration and a polymer-lean phase with
low polymer concentration to achieve thermodynamic equilibrium. The kinetic aspect of the
phase inversion can be explained by the exchange rate (mass transfer) between the solvent
and nonsolvent caused by the difference in the chemical potential. At initial contact with the
nonsolvent, the difference in chemical potential is the largest and hence greater mass trans-
fer. As demixing progresses, solidification of the polymer at the interference and the change
in concentration profile results in the slowing of mass transfer. Different types of demixing
can be simplified into slow demixing rates, also referred to as “delayed demixing,” resulting
in membranes with sponge-like morphologies; in contrast, fast demixing rates, also referred
to as “instantaneous demixing,” results in membranes with finger-like morphologies (large
macrovoids in the sublayer) (Hołda & Vankelecom, 2015). The demixing process can be
influenced by various parameters, such as the molecular weight and concentration of the

FIGURE 5.5 Schematic representation of phase inversion via the nonsolvent-induced phase separation method
using a water coagulation bath. Source: From Abdulhamid, M. A., Park, S. H., Zhou, Z., Ladner, D. A, & Szekely, G.
(2021). Surface engineering of intrinsically microporous poly(ether-ether-ketone) membranes: From flat to honeycomb struc-
tures. Journal of Membrane Science, 621, 118997. https://doi.org/10.1016/j.memsci.2020.118997.
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polymer (Soroko, Sairam, & Livingston, 2011), pore-forming additives (Kahrs &
Schwellenbach, 2020), viscosity of the dope solution (Mousavi & Zadhoush, 2017), tempera-
ture and humidity (Marino, Russo, & Figoli, 2018), and use of a cosolvent and evaporation
step before immersion (Soroko, Lopes, & Livingston, 2011), resulting in unique membrane
morphologies that have different separation properties for various applications. Despite the
simplicity and low cost of the phase inversion method, ISA NF membranes generally exhibit
low permeance due to the thickness and morphology of the dense top layer. Increasing the
number of macrovoids in the finger-like structure is usually unfavorable as these macro-
voids become the weakest spots under high operating pressures, compromising the stability
of the NF membrane. However, many approaches can be applied to enhance the permeance
of ISA NF membranes. In addition to adjusting the thermodynamics and kinetics of the cast-
ing solution as mentioned earlier, hyperbranched polymers (HBPs) and dendrimers can be
used to create free volume within the polymer matrix and hinder chain entanglement (Paul
& Jons, 2016; Wang, Wang, & Zhang, 2015). An innovative approach for membrane prepara-
tion based on a pH switch of the aqueous phase separation was demonstrated by Baig et al.
to develop a water-insoluble NF polyelectrolyte membrane (Baig, Durmaz, Willott, & de
Vos, 2020). The unique feature of block copolymers to self-assemble into various morpholo-
gies depending on the degree of polymerization, type of blocks, composition, and molecular
weight can be combined with the NIPS method to produce tailored isoporous NF mem-
branes (Radjabian & Abetz, 2015; Zhang, Rahman, Abetz, & Abetz, 2020). Overall, applying
phase inversion to prepare the NF membranes using NIPS as an example is a trial and error
approach; therefore, a fundamental understanding is required for better optimization
(Hołda & Vankelecom, 2015).

5.3.2 Interfacial polymerization

Another popular preparation method for developing polymer-based NF membranes is
IP. The first commercial RO membrane was prepared in the 1970s by Cadotte and Riley
(Sforca, Nunes, & Peinemann, 1997). Currently, IP is becoming the default method for
developing TFC NF membranes with an ultrathin separation layer (B10�100 nm). In a
typical preparation procedure, suitable porous support (i.e., polysulfone) is soaked in an
aqueous solution of amine-containing monomer; then, the impregnated support is
immersed in a solution of acid-chloride-containing monomer in an organic solvent where
the two monomers polymerize to form a cross-linked thin layer at the interface of the
two immiscible solvents. Aromatic polyamide TFC NF membranes are developed using
the most commonly used monomers, such as m-phenylenediamine (MPD) and trimesoyl
chloride (TMC), with hexane as the organic phase (Purkait, Sinha, Mondal, & Singh,
2018). Other commonly used reactive monomers include piperazine (PIP), diaminopiper-
azine (DAP), phenylenediamine (PPD), polyethyleneimine (PEI), and triethylenetetra-
mine (TETA) as amine-containing monomers and 5-isocyanatoisophthaloyl chloride
(ICIC), 5-chloroformyloxy-isophthaloyl chloride (CFIC), and isophthaloyl chloride (IPC)
as acid chloride-containing monomers. The morphology and thickness of the top separa-
tion layer can be modified according to the required separation properties by tuning var-
ious parameters, such as monomer concentration, type of solvent, reaction condition,
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surface chemistry, and type of support (Chen, Luo, Hang, & Wan, 2018) (discussed in
detail in Section 5.4).

Overall, TFC NF membranes prepared via the IP method have higher permeance with-
out sacrificing rejection compared to ISA NF membranes. However, obtaining an ultrathin
separation layer comes at the cost of compromising the mechanical properties and
increases the possibility of defects that can deteriorate the separation performance. Thus
the IP method has the advantage of independently optimizing the separation layer and
porous support.

5.3.3 Layer-by-layer assembly

Layer-by-layer (LBL) assembly is a simple and versatile method developed by Gero
Decher in 1997 to prepare TFC membranes comprising thin multilayers of polyelectrolytes
with tunable nanoscale thickness and efficient separation properties (Decher, 1997). The
LBL method is illustrated in Fig. 5.6; a porous support is dip-coated in polycation and
polyanion solutions in an alternating manner, followed by a rinsing step after each coating
to remove excess and weakly bound polymer chains. The LBL assembly method has the
main advantage of minimizing the additional hydraulic-resistance layer and can be con-
trolled more efficiently than conventional surface-coating techniques (e.g., PDA, zwitter-
ionic, and PEG-based coatings) (Xu, Wang, & Li, 2013). The polyelectrolyte layer is formed
through surface adsorption due to electrostatic interactions between positive and negative
charges, as well as other intermolecular interactions such as hydrophobic interactions,
hydrogen bonding, and other specific interactions (e.g., surface sol�gel, host�guest,
and change-transfer complexes) (Borges & Mano, 2014). Other coatings or deposition tech-
niques are also used, such as spray coating and spin coating; their main advantage over
the dip-coating technique include reduced processing time and usage of less volume
(Joseph, Ahmadiannamini, Hoogenboom, & Vankelecom, 2014). Other promising coating
techniques have been studied to improve the efficiency and assembly of multilayer archi-
tectures (i.e., from 2D to 3D), such as inkjet printing and high-gravity field-assisted LBL
(Andres & Kotov, 2010; Ma, Cheng, & Jia, 2012). There are various parameters that can be
controlled to achieve the optimum thickness for specific separation, such as the choice of
polyelectrolytes, ionic strength, molecular weight and concentration, number of coating

FIGURE 5.6 Schematic illustration of the layer-by-layer assembly method for preparing polyelectrolyte multi-
layer membranes via dip coating. Source: From Joseph, N., Ahmadiannamini, P., Hoogenboom, R., & Vankelecom, I. F.
J. (2014). Layer-by-layer preparation of polyelectrolyte multilayer membranes for separation. Polymer Chemistry, 5(6),
1817�1831. https://doi.org/10.1039/c3py01262j.
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cycles, and pH and temperature of the aqueous solution (Zhu, Feng, & Penlidis, 2007).
LBL-based NF membranes have been studied extensively for the removal of dyes, multiva-
lent ions, and micropollutants such as antibiotics, hormones, and plasticizers (Li, Xu, Goh,
Chong, & Wang, 2020). The most common polyelectrolytes for preparing LBL-based NF
membranes are polystyrene sulfonate (PSS), polyallylamine hydrochloride (PAH), and
polydiallyldimethylammonium (PDADMAC). NF membranes prepared via the LBL
method can be symmetric or asymmetric depending on the difference in the hydration of
the capped separation layer with respect to the bottom layer (Gresham et al., 2020).
Depending on the type of polyelectrolytes, LBL-based NF membranes exhibit good physi-
cal stability against repetitive backwashes and better chemical stability against hypochlo-
rite (de Grooth et al., 2015) than conventional IP-based polyamide NF membranes (Do,
Tang, Reinhard, & Leckie, 2012). In a recent study, Elshof et al. investigated the potential
use of PDADMAC/PSS NF membranes at extreme pH conditions (Elshof, de Vos, de
Grooth, & Benes, 2020) as well as using thin separation layers ,5-nm thick (te Brinke,
Reurink, Achterhuis, de Grooth, & de Vos, 2020).

5.3.4 Posttreatment

A major hurdle for extending the industrial adoption of polymer-based NF membranes
is the development of membranes with high chemical and thermal stability. Common
membrane posttreatment approaches, such as cross-linking, solvent treatment, and surface
grafting, can improve the membrane stability in both harsh organic solvents and extreme
pH conditions and can tune the separation performance. Cross-linking involves covalent
bonding between two or more reactive groups through a range of chemical reactions and
creates an interconnected network of polymer chains. Cross-linking strategies include
chemical, thermal, and UV irradiation cross-linking, which are widely used to enhance the
solvent resistance of polymer-based NF membranes and are usually combined with tem-
perature resistance capabilities (Jin, Li, & Xu, 2018). A plethora of research has been con-
ducted on cross-linking common polymers (e.g., PDMS, PI, PBI, and PSf) for polar and
nonpolar solvent resistance, reduced swelling (Tarleton, Robinson, & Salman, 2006), and
increased membrane rejection, for example, the enhancement of the chemical stability of
PI membranes via cross-linking modification. More sustainable approaches have been
studied, such as cross-linking during phase inversion by adding the cross-linker into the
aqueous coagulation bath to reduce the number of steps and thus the amount of solvent
used during membrane fabrication (Vanherck, Cano-Odena, Koeckelberghs, Dedroog, &
Vankelecom, 2010). Furthermore, optimization of the diamine-based (i.e., hexamethylene-
diamine) cross-linking procedure has been performed by combining the role of the
cross-linker, base, and solvent into a single compound via the addition of MgO as an acid
acceptor (Van Goethem et al., 2020). However, cross-linking is often counterproductive in
terms of decreased membrane permeance as it usually leads to a denser separation layer,
thus decreasing the pore size (Valtcheva, Marchetti, & Livingston, 2015).

Solvent treatment or activation is illustrated in Fig. 5.7, which shows the solvent-induced
effect after incorporating the aliphatic chains in which the organic solvent enhanced the mobility
of the polymer chains of the cross-linked polyamide TFC membrane, thus leading to increased
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pore-size average (Li et al., 2020). This is a more promising approach owing to its simplicity, as
investigated by Livingston’s group, in utilizing strong polar aprotic solvents such as N,N-
dimethylformamide (DMF) to improve membrane performance for OSN applications and aque-
ous solution separations (i.e., desalination) using benzyl alcohol as a solvent activator (Shin
et al., 2019). A recent study demonstrated that swelling the polyamide layer of MPD-based TFC
RO, which has been proven to be more durable under acidic conditions than the semiaromatic
PIP-based TFC RO, can produce an acid-resistance NF membrane using polar aprotic solvents
such as dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), and DMF with high water
permeance and divalent salt rejection compared to commercial NF membranes (Shin, Kwon,
Park, Park, & Lee, 2020). Further, Guo et al. investigated the solvent treatment of PIP-based NF
membranes to produce a loose NF membrane with a high MWCO range of 300�1000 g mol21

using different types of solvents such as organic solvents, ionic liquid, organic bases, and acids
that can tune various physicochemical properties (i.e., hydrophilicity and roughness). This
depends on their solvency and miscibility with the residual molecules (i.e., TMC, PIP) and their
facilitation or prevention of hydrolysis of the TMC molecules (Guo, Chen, Wan, Feng, & Luo,
2020). Conversely, solvent treatment can rearrange and mobilize polymer chains into a denser

FIGURE 5.7 Schematic representation of the preparation of a semiaromatic thin-film composite membrane
(i.e., PEI/TMC) followed by solvent activation. Source: From Li, Y., Zhu, J., Li, S., Guo, Z., & Van Der Bruggen, B.
(2020). Flexible aliphatic-aromatic polyamide thin film composite membrane for highly efficient organic solvent nanofiltra-
tion. ACS Applied Materials and Interfaces, 12(28), 31962�31974. https://doi.org/10.1021/acsami.0c07341.
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structure, promoting additional cross-linking via favorable interactions such as hydrogen bond-
ing and π stacking. For example, the solvent treatment of cross-linked PI UF membrane
(i.e., ISA) using DMF produced an NF membrane with an MWCO of B500 g mol21 (Mariën &
Vankelecom, 2017). However, more research is needed to fine-tune the solvent activation
approach in regard to the choice of solvent and time of immersion.

Other posttreatments mainly focus on improving the separation performance and anti-
fouling properties. For example, surface grafting of hydrophilic molecules such as trietha-
nolamine (TEOA) (Yan, Chen, & Lü, 2016) and amphibian-inspired amino acid ionic liquid
(Xiao, Chu, & Xu, 2019) is more effective in increasing the water permeance while main-
taining salt rejection compared to pristine TFC membranes. Another surface modification
approach to enhance hydrophilicity and better coordinate the trade-off of the NF mem-
brane was presented by Kim et al.; commercial NF membranes were modified using low-
pressure NH3 plasma, resulting in increased water permeance and membrane rejection
depending on the intensity and duration of the plasma treatment (Kim, Yu, & Deng, 2011).
Moreover, polyethylene glycol (PEG) grafted onto cross-linked polyimide UF support via
argon plasma led to solvent-resistant NF membranes for OSN with increased membrane
rejection (i.e., Rose Bengal in isopropanol) (Gao, Shi, Cui, & Chung, 2018). Further, Reis
et al. utilized argon plasma to activate the surface of the TFC membrane; the results were
promising as the water permeance was enhanced without compromising salt rejection via
the application of a short period (,5 minutes) of low-power density, which led to mem-
brane surface thinning without severely altering the surface morphology (Reis, Dumée, &
Tardy, 2016). Surface plasma grafting has potential owing to its simplicity and has exhib-
ited promising results in improving the separation performance and antifouling proper-
ties. However, plasma reactors are currently expensive and difficult to scale up.

5.4 Thin-film polymer composite nanofiltration membranes

TFC NF membranes are usually prepared via IP and LBL assembly (see Section 5.3)
(Lin, Zhang, & Qu, 2017). The state-of-art of TFC NF membranes is diverse as countless
optimizations have been achieved for each specific separation (Huang et al., 2020; Jin,
Zhu, & Yuan, 2021). In 2004 Drioli et al. proposed a new approach of implementing loose
NF (LNF) membranes, which has attracted attention for dye/salt separation, by permeat-
ing divalent salts to increase the rejection of organics (Van der Bruggen, Curcio, & Drioli,
2004). Recent work by Van der Bruggen’s group on loose NF-based membranes included
polyester-based TFC LNF membranes, with high rejection of dyes and high salt passage
(i.e., rejection of 11% and 5.6% for Na2SO4 and NaCl, respectively), successfully prepared
using hydroxyl-containing monomers such as mesoerythritol and TMC with sodium
hydroxide (NaOH) as a catalysis to promote the esterification via the IP method on poly-
ethersulfone (PES) supports (Jin et al., 2021). Furthermore, Li et al. demonstrated
improved antifouling and antibacterial performance of LNF membranes for dye/salt sepa-
ration using a rapid codeposition of polydopamine (PDA) and a zwitterionic polymer
(SBMA) (Li, Liu, & Bai, 2020).

Blending thermally rearranged polymers with a polyamide separation layer resulted in
chemically robust TFC membranes comprising a polybenzoxazole-co-imide thin layer via
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the IP of MPD and TMC PDA-coated thermally rearranged polymeric supports for OSN
and pressure-retarded osmosis (PRO) applications (Kim et al., 2018). Another approach
was to blend o-hydroxyazo porous organic polymers (o-POPs) and piperazine (PIP) mono-
mers in PES dope solutions and cast via phase inversion, followed by IP with TMC to fab-
ricate TFN membranes. The o-POP incorporation improved the water permeance without
sacrificing dye and divalent salt rejection (Liu, Zhu, & Zheng, 2020).

Overcoming the limitations of the porous support is essential to achieve an ultrathin
TFC NF membrane with enhanced separation performance (see Section 5.5). Karan et al.
demonstrated that an ultrathin separation layer, prepared via the IP method using MPD
and TMC monomers, with a thickness of ,10 nm is achievable using a cadmium hydrox-
ide nanostrand as an interlayer to minimize the filtration resistance of the porous support
(Karan, Jiang, & Livingston, 2015). Goa et al. introduced a novel technique to produce an
ultrathin PA TFC NF membrane (i.e., a separation layer thickness of B15 nm) with 96.5%
rejection of Na2SO4 and high water permeance of B40 L m22 h21 bar21 (Gao et al., 2019).
Their preparation method included surface coating of single-wall carbon tube (SWCNT)
dispersion onto a PES microfiltration support, followed by the IP of PIP and TMC to
achieve the ultrathin PA layer, as shown in Fig. 5.8.

The sustainability and greenness of manufacturing TFC NF membranes have attracted a
lot of attention as the organic phase usually involves volatile organic solvents, for exam-
ple, hexane, cyclohexane, heptane, benzene, and ethylene dichloride. Recently, researchers
have replaced these toxic solvents with more environmental-friendly solvents such as
cyrene, rhodiasolv polarclean, dimethyl isosorbide, diethyl adipate, ionic liquid [(C4mim)
(Tf2N)], and decanoic or capric acid. The latter was used as the organic phase by Ong
et al. to develop an ultrathin polyamide layer on a polyacrylonitrile (PAN) support using
TMC and PEI as the reactive monomers (Ong, Falca, & Huang, 2020).

5.5 Effect of polymeric support

The effect of the porous polymeric support has not captured the same amount of atten-
tion as the separation layer of NF membranes in the literature (Jimenez-Solomon, Gorgojo,
Munoz-Ibanez, & Livingston, 2013; Liu, Wang, Li, Liu, & Deng, 2019). The physicochemical
properties of the porous support, including hydrophilicity, roughness, porosity, and pore
size, have a direct impact on the NF membrane performance. TFC membranes are usually
supported by two layers: a nonwoven fabric to give structural support and increase the
mechanical strength of the membrane, and a porous interlayer to withstand high operating
pressures. For ISA membranes, the porous support sublayer cannot be independently
manipulated as the optimization of the various fabrication parameters, as discussed in
Section 5.3, controls the overall thickness and uniformity of the final NF membrane.
Therefore, this section focuses on the effect of the porous support in TFC NF membranes.

Porous support is a critical factor for achieving ultrathin separation layers (Ramon,
Wong, & Hoek, 2012). Dilute concentrations of the monomer solution are preferred to
achieve the thinnest separation layer possible. However, the intrusion of the solution into
a conventional UF support creates defects and drastically deteriorates the separation per-
formance. Therefore, optimizing the physicochemical properties of the UF support and the
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type and concentration of monomers as well as the reaction and drying times is important
to achieve defect-free TFC NF membranes, as shown in Fig. 5.9. Researchers have modi-
fied the UF support membranes to be smooth and uniform so that the IP reaction takes
place between the dilute monomer solutions and ultrathin TFC membranes can be
obtained (Wang, Guo, Jiang, & Pan, 2020; Zhu, Xie, & Gao, 2016). Many research reports
have focused on modifying the surface wettability by incorporating hydrophilic additives
and increasing the porosity to minimize the filtration resistance of the porous support
(Gao et al., 2019; Karan et al., 2015). Moreover, few efforts have focused on improving the
sustainability aspect of manufacturing polymeric porous supports. For example, Pulido
et al. demonstrated the possibility of utilizing recyclable polymers from plastic waste such
as polyethyleneterephthalate (PET) as the UF porous support with a pore-size range
(35�100 nm) that is ideal for preparing TFC NF membranes (Pulido, Habboub,
Aristizabal, Szekely, & Nunes, 2019). In addition to using dilute monomer concentrations,
lowering the organic phase temperature to decrease the thickness of the selective layer of
the TFC NF membranes was pursued by Liu et al. Their results showed high water per-
meance and salt rejection (Liu, Wu, Hung, Lu, & Lee, 2017). Further, incorporating hydro-
philic additives and increasing the porosity minimizes the filtration resistance of the
porous support. Recently, the use of an MF porous support has received a lot of attention,
although it is well known that increasing the pore size of the porous support results in
increased separation layer roughness, the possibility of defects, and, hence, decreased

FIGURE 5.8 (A) Schematic illustrating the surface-coating cycles of a single-wall carbon tube (SWCNT) dis-
persion on a polyethersulfone (PES) MF support using a brush and the interfacial polymerization (IP) method to
produce an ultrathin polyamide (PA) thin-film composite (TFC) membrane. (B�D) Photograph and cross-
sectional and top surface SEM images of the PA/SWCNT TFC membrane (i.e., X5 3). Source: From Gao, S., Zhu, Y.,
Gong, Y., Wang, Z., Fang, W., & Jin, J. (2019). Ultrathin polyamide nanofiltration membrane fabricated on brush-painted single-
walled carbon nanotube network support for ion sieving. ACS Nano, 13(5), 5278�5290. https://doi.org/10.1021/acsnano.8b09761.
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membrane rejection (Sharabati, Guclu, & Erkoc-Ilter, 2019). Preparing a TFC NF membrane
with an ultrathin separation layer directly on an MF support allows for faster mass trans-
fer compared to conventional NF membranes prepared on similar UF supports (Zhang
et al., 2019). As an example, Karan et al. developed an ultrathin PA separation layer with
a thickness of ,10 nm on a porous support with an average pore size of 200 nm using
cadmium hydroxide that minimizes the filtration resistance induced by the support and
exhibits high acetonitrile permeance of 112 L m22 h21 bar21 (Karan et al., 2015). Similar
approaches were proposed to modify and deposit an interlayer onto MF-based porous
supports to achieve uniform porosity and develop ultrathin PA membranes, such as using
CNC (Wang, Yang, Wu, Zhang, & Xu, 2017). and carbon nanotubes (Gao et al., 2019;
Zhou, Hu, & Boo, 2018; Zhu et al., 2016). Another approach is to repeat the IP reaction on
a conventional support membrane to form a multilayer defect-free ultrathin separation
layer (Zhang et al., 2019). A recent study investigated the presence of foulants on an MF
PES porous support (i.e., the fouled MF support acts as an interlayer) and obtained ultra-
thin TFC PA membranes with no defects (Dai et al., 2021).

Interestingly, asymmetric polyelectrolyte NF membranes with ultrathin separation
layers (B4 nm) were successfully developed via the LBL method using a multilayer coat-
ing of loose PSS/PAH on a porous support to prevent defects and capped by a thin layer
of dense PAA/PAH, which provides the required separation properties (te Brinke et al.,
2020). The same preparation method was proposed by Bruening’s group using a porous
alumina support (Liu & Bruening, 2004).

FIGURE 5.9 Schematic illustrating the formation mechanism of a typical polyamide thin-film composite mem-
brane. Source: From Klaysom, C., Hermans, S., Gahlaut, A., Van Craenenbroeck, S., & Vankelecom, I. F. J. (2013).
Polyamide/polyacrylonitrile (PA/PAN) thin film composite osmosis membranes: Film optimization, characterization and per-
formance evaluation. Journal of Membrane Science, 445, 25�33. https://doi.org/10.1016/j.memsci.2013.05.037.
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Researchers have developed a support-free IP (SIPF) technique to successfully develop
ultrathin TFC membranes with a thickness of ,12 nm (Park et al., 2017; Park, Ahn, &
Choi, 2017; Zhu, Hou, & Zhang, 2018). Other approaches that showed promising results
were also used, such as spray technology (Ma et al., 2018; Shan, Gu, Fan, Ji, & Zhang,
2017); micromolding and 3D printing can be used to tailor surface-patterned porous sup-
ports (Heinz, Aghajani, Greenberg, & Ding, 2018), as shown in Fig. 5.10. Overall, two main
routes led to optimum separation properties and prevention of defect generation: (1)
improving the method of casting the polymer on the porous support and (2) tailoring the
properties of the porous support for minimum filtration resistance and compatible physi-
cochemical properties, including high surface area and effective filtration pathways.

5.6 Potential of polymer-composite nanofiltration membranes for water
desalination

Worldwide challenges associated with clean water scarcity are now well defined: (1) 1.2 bil-
lion people do not have access to drinkable water, (2) 2.6 billion people have little or no

FIGURE 5.10 Schematic representation of the preparation of patterned membranes via (A) solution-casting
micromolding, (B) thermal micromolding, (C) 3D-printing stages for the preparation of patterned membranes,
and (D) phase inversion micromolding. Source: From Heinz, O., Aghajani, M., Greenberg, A. R., & Ding, Y. (2018).
Surface-patterning of polymeric membranes: Fabrication and performance. Current Opinion in Chemical Engineering,
20, 1�12. https://doi.org/10.1016/j.coche.2018.01.008.
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sanitation facilities, (3) and millions of people die because of water contamination. The demand
for freshwater is expected to increase with increasing population and industrial growth
(Gassert, Landis, Luck, Reig, & Shiao, 2014; Mancosu, Snyder, Kyriakakis, & Spano, 2015). In
the coming decades, water scarcity may trigger wars unless new ways to supply clean water
are found (Shannon et al., 2008). The increase in water usage (1% increase per year) and the rise
in extreme natural events caused by climate change, such as wildfires, storms, and floods, are
making the situation even worse (United Nations, 2020). Up to 300 L of wastewater per person
is produced daily; therefore, water scarcity is a genuine threat to sustainable development.

By 2025, almost half of the world population will experience water stress conditions.
Increasing the production of clean water is essential to fight poverty, create food security,
and minimize international conflicts. According to the World Water Assessment Program,
more than 80% of the global wastewater is disposed of untreated into the environment.
Therefore, treatment and reuse of wastewater is attracting much interest and has been
highlighted in the United Nations’ goals for sustainable development. Wastewater is gener-
ated by a wide range of industries, such as the food industry, power plants, textile dyeing,
and the oil and gas industry, as an unwanted byproduct. Furthermore, the stringent environ-
mental regulations for water discharge to surface and groundwater are among the primary
drivers of the current market. High temperature, high salinity, and organic solvents are chal-
lenging for polymeric membranes in particular and limit their industrial application.

Conventional polymer-based NF membranes suffer in harsh conditions, that is, very
acidic/alkaline solutions (extreme pH) and strong organic solvents. Therefore, many stud-
ies have focused on developing new materials to enhance membrane chemical stability
and separation performance. High water flux can be achieved using NF membranes
by enhancing the membrane hydrophilicity, antifouling properties, and chemical stability
(Chen, Li, & Chen, 2018). Furthermore, NF membranes have shown promising phosphorus
recovery from sewage sludge. Thong et al. developed NF TFC membranes involving PEI
and TMC that can achieve 90% phosphorus recovery by efficiently rejecting heavy metals,
particularly under the acidic condition of sewage sludge owing to the coupling of the
Donnan exclusion (i.e., positively charged membrane surface) and size exclusion while
permeating phosphoric acid (Thong, Cui, Ong, & Chung, 2016).

Recent studies have focused on utilizing sustainable starting materials and solvents to
develop advanced NF membranes, which is much appreciated and encouraged by the scien-
tific community to reach a cyclic economy. Van der Bruggen’s group utilized glucose, maltose,
and raffinose as aqueous monomers to fabricate a selective polyester layer prepared via the IP
method with NaOH as the catalyst. These monomers replaced the typical petroleum-based
monomers such as PIP and MPD that are primarily synthesized from benzene and ethylene,
respectively. Among the chosen carbohydrates, glucose has higher potential owing to its avail-
ability and low cost. The fabricated sugar-based NF membranes showed high water per-
meance and divalent salt rejection (Zheng, Liu, & Zhu, 2021). Dilute concentrations and high
volume of impurities (i.e., Se and As) make the contaminated stream difficult to treat.

Electrodialysis-based membranes are considered a niche market because of their high
cost and weak feasibility for high-salinity streams. Currently, they are only feasible for
brackish water as transporting more ions through the membranes requires more electric-
ity. However, in recent years, advancements in the field have made electrodialysis-based
membranes suitable for high-salinity streams, for example, BMED an integrated process
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and sequestration of CO2 into a valuable product. The sustainability of the process
depends on the source of electricity used to have a net positive process. The key factors in
the progress of current electromembranes are developing novel materials, such as bipolar
membranes, and designing selective membranes for anions that have the same charging
densities (chlorine, nitrate, and phosphate ions) as well as for cations (sodium, magne-
sium, and lithium ions). Loose NF membranes coupled with electrodialysis (ED) have the
potential for textile wastewater treatment and desalination as they can separate dyes and
salts more efficiently and reduce the fouling propensity compared to the conventional ED
processes with ion exchange membranes (Fig. 5.11) (Ye, Liu, & Chen, 2020).

5.7 Polymers for solvent-resistant nanofiltration membranes

OSN, also called solvent-resistant nanofiltration (SRNF), is simply a continuous
liquid�liquid separation that does not involve any phase transition and can be adopted by
many industries (e.g., pharmaceutical, food, petrochemical, and other industries that utilize
organic solvents). OSN processes have already been employed in the lubricant industry, such
as in the Max�Dewax process. Polymer-based NF membranes are ideal for OSN processes
in terms of the pore size (0.4�2.0 nm) necessary to achieve satisfactory separation perfor-
mance and efficient recovery of most common organic solvents (Chen et al., 2018; Davood
Abadi Farahani & Chung, 2018). OSN has been successfully demonstrated for industrial con-
centrations and applied in pharmaceuticals, solvent exchange, catalysis recovery, purification,
and enrichment of consumer and specialty chemicals. However, OSN is considered an
emerging application compared to desalination. High permeance and molecular selectivity to
organic solvents with different polarities are highly sought after. Solvent-resistant polymers
have improved significantly in recent decades; polymers such as polybenzimidazole (PBI),

FIGURE 5.11 Configuration of the integration of loose nanofiltration (LNF) polymer-based membranes using
the electrodialysis (ED) process, including a cation exchange membrane for dye/salt separation. Source: From Ye,
W., Liu, R., Chen, X., et al. (2020). Loose nanofiltration-based electrodialysis for highly efficient textile wastewater treat-
ment. Journal of Membrane Science, 608, 118182�118182. https://doi.org/10.1016/j.memsci.2020.118182.
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polyether etherketones (PEEKs), polyarylenesulfidesulfone (PASS), and polyoxindolebiphe-
nylylene (POXI) have been explored for OSN. However, efficient molecular separation of
DMSO and DMF is still challenging, even for state-of-the-art polymeric membranes.
Fabrication of PEI/TMC with a flexible aliphatic, aromatic polyamide TFC membrane via in
situIP is followed by a solvent activation process. The activation effect in polar aprotic sol-
vents (i.e., DMF, NMP, and DMSO) increases the permeance of methanol and acetone; in
contrast, activation of the membrane separation layer with the latter solvents does not
improve the permeance. An order of magnitude increase in water permeance was reported
using solvent activation with DMF (Li et al., 2019), whereas only a marginal improvement in
permeance caused by DMF treatment was reported by Livingston’s group (Karan et al.,
2015). Zhao et al. reported composite membranes prepared through self-polymerization and
IP of dopamine with TMC on PES UF supports, which exhibited improved chemical stability
and increased rejection for dyes and salts; however, the water permeance decreased drasti-
cally (Zhao, Su, & He, 2014). Szekely et al. reported NF membranes prepared via in situ poly-
merization of dopamine in PBI membranes and demonstrated improved stability in seven
polar aprotic solvents and increased permeance while maintaining the MWCO due to an
interpenetrating polymer network. However, a longer PDA deposition time increased the
rejection (i.e., improved the hydrophobic properties and decreased the pore size from 1.4 nm
to 0.8 nm at 300 Da) and decreased the permeance (Zhao et al., 2019).

Molecular dynamics simulations have been recommended by many researchers and are
regarded as a promising solution to better understand the relationship between perfor-
mance and polymeric properties of NF membranes at the molecular level, which is an
essential tool for engineering any nano-based technology. Emerging high-performance
polymers such as PIMs and PEEKs have attracted a lot of attention. PEEK is especially
promising because of its negligible physical aging property. However, PEEK is insoluble
in organic solvents and needs strong acidic conditions to be solubilized, thereby making it
challenging to prepare membranes. Recently, Szekely’s group modified PEEK through a
high-temperature aromatic nucleophilic substitution reaction (SNAr) between 4,40-difluoro-
benzophenone and various diol contorted compounds. These contorted structures, such as
triptycene, spirobisindane, and Tröger’s base, resulted in an increase in the free volume,
surface area, and, hence, porosity, as well as solubility in a few common organic solvents
such as NMP. They utilized molecular dynamics simulations to understand and optimize
the MWCO of intrinsic microporous poly(ether-ether-ketones) (iPEEKs) by varying either
the contorted structure or the dope solution concentration, which resulted in high per-
meance and better thermal and chemical stability (Abdulhamid, Park, & Vovusha, 2020).

5.8 Commercialization status and commercial viability

Separation technologies are crucial in any industrial process compromising at least 70% of
energy consumption. We can confidently say that polymeric membrane technology has devel-
oped from the lab to the industry with a pronounced positive impact on the efficiency of the
separation process. This is because of superior scalability and lower footprint, operating cost,
and chemical usage, as well as minimum energy requirements. NF membranes have shown
advantages over RO and MF membranes. Examples include larger pore size, which has a
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lower-energy requirement, than that of RO membranes and having better permeate water
quality than that of MF membranes. However, large membrane areas are usually required for
industrial applications due to the low permeance of conventional NF membranes, including
TFC and ISA membrane types. Next-generation NF membranes have potential due to their
advanced separation performance and sustainability (He, Zhao, & Chung, 2018). This is
reflected by the increased research activity and growth of the polymer-based NF membrane
market, which is expected to be approximately 49% (2017�2025). Solvent-stable NF mem-
branes (e.g., GE Osmonics Desal DK, Koch MPF, and Evonik product line-ups) are of great
interest for crude oil purification in the oil and gas industry. New advanced materials have
already been commercialized, such as PolyCera membranes, and have gained market traction.
Novel nanostructured, diamond-like carbon nanosheet membranes have been successfully
scaled up to commercial applications for water remediation, achieving relatively higher per-
meance while maintaining high rejection, as shown in Table 5.1.

Increasing the polymer-based NF membrane permeance without sacrificing its rejection
is not an easy task. The trade-off between permeance and rejection is one of the main obstacles
in achieving a wider industrial adoption. The stability of the polymer-based NF membranes
in both aqueous solutions and organic solvents is another obstacle hindering its life cycle
(i.e., maintaining the membrane performance over several years). In addition, fouling and
concentration polarization are considered major operational obstacles to sustain the per-
meance (Chidambaram, Oren, & Noel, 2015; Syed I, Arun, & Lakshmi, 2020). Fouling may
increase the operation cost and deteriorate the membrane performance by decreasing the
membrane permeance. The additional operating costs are due to the different treatment pro-
tocols followed to reduce membrane fouling, such as chemical cleaning, coagulation, and
oxidation using either ozone, UV/H2O2, or Fenton (Yu, Liu, Crawshaw, Liu, & Graham,
2018). The physicochemical characteristics of NF membranes provide insight into the inter-
actions between the membrane surface and feed solution, which directly affect the separa-
tion performance. The impact of important industrial parameters on membrane
performance requires more attention from researchers; these parameters include pressure
drop across the membrane, actual industrial concentrations, concentration polarization,
and module and process design. Shi et al. demonstrated that membranes with ultrahigh per-
meance cannot improve the overall efficiency of the separation process without tailoring the
membrane module and process (Shi, Marchetti, Peshev, Zhang, & Livingston, 2017).

In a recent study, Le Phuong et al. highlighted the main shortcomings of the current
state of research in OSN that hamper its industrial and scientific advancement. They
recommended a series of best practices and guidelines for researchers based on a compre-
hensive survey and critical analysis of studies published during 2015�19 (Le Phuong,
Blanford, & Szekely, 2020). Fig. 5.12 shows a map of the essential parameters highlighted
in the survey compared to parameters reported in the literature for OSN application. Feed
flow rate, temperature, stirring or mixing speed, crossflow velocity, process configuration,
and system volume have not been studied in detail. Without a standardized protocol cov-
ering the operating conditions and solute/solvent types, it will be difficult to reproduce
and compare with other membranes. Most importantly, the operating conditions (i.e., tem-
perature, pressure, solute concentrations, and filtration time) must be relevant to an indus-
trial case; otherwise, the gap between academia and industry will not be narrowed.
Another approach was implemented to standardize osmotic-driven membranes for
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TABLE 5.1 Summary of commercial NF membranes used for desalination and OSN.

Membrane Manufacturer Material Solute/solvent Rejection (%)

Permeance

(L m22 h21 bar21) pH Ref.

NF70 Dow-Filmtec PA Na2SO4/water 99 2.4 n.a. Krieg et al. (2005)

NF90 Dow-Filmtec PA MgSO4/water .97 11.7 6 0.3 2�11 Chen et al. (2018)

NF270 Dow-Filmtec PA MgSO4/water 97 17.6 6 0.4 3�10 Chen et al. (2018)

NT103 Microdyn-Nadir Polypiperazine MgSO4/water 98 8.1 6 0.1 n.a. Chen et al. (2018)

NT102 Microdyn-Nadir Polypiperazine MgSO4/water 95 10.0 6 0.1 n.a. Chen et al. (2018)

NF70 HWTT Polypiperazine MgSO4/water 98 10.6 n.a. Chen et al. (2018)

NF40-I HWTT Polypiperazine MgSO4/water 95 14.5 6 0.2 n.a. Chen et al. (2018)

NF40-II HWTT Polypiperazine MgSO4/water 98 11.2 6 0.3 n.a. Chen et al. (2018)

Desal DK GE Osmonics PA MgSO4/water 98 n.a. 3�9 Szymczyk et al. (2010)

GMT-oNF-2 Borsig GmbH PDMS 4-chloroaniline
(127 g mol21)/toluene

B35�40 B5 n.a. Razali et al. (2017)

DuraMem 150 Evonik MET Cross-linked PI BB (B826 g mol21)/DMF 99.9 0.15�0.2 7 Sereewatthanawut et al. (2010)

DuraMem 200 Evonik MET Cross-linked PI BB (B826 g mol21)/DMF 99.3�99.9 0.2�0.37 7 Sereewatthanawut et al. (2010)

DuraMem 300 Evonik MET Cross-linked PI BB (B826 g mol21)/DMF 99.6�99.9 0.85�1.8 7 Sereewatthanawut et al. (2010)

DuraMem 500 Evonik MET Cross-linked PI BB (B826 g mol21)/DMF 91.4�94.6 0.85�0.9 7 Sereewatthanawut et al. (2010)

PuraMem 280 Evonik MET Cross-linked PI API (B600 g mol21)/
IPAc

99.6�99.8 0.9�1.5 7 Rundquist et al. (2012)

StarMem 122 Evonik MET PI Styrene (236 g mol21)/
toluene

87 0.6 7 Marchetti et al. (2014)

(Continued)



TABLE 5.1 (Continued)

Membrane Manufacturer Material Solute/solvent Rejection (%)

Permeance

(L m22 h21 bar21) pH Ref.

StarMem 240 Evonik MET PI Styrene (380 g mol21)/
toluene

90 0.7 7 Fritsch et al. (2012)

MPF-44 Koch PDMS Daidzin (410 g mol21)/
methanol

71.9 0.25 n. a. Zhao and Yuan (2006)

NE4040-HRM/SRM CSM Toray PA MgSO4/water 99.0�99.5 6.2�8.8 3�10 Toray Advanced Materials
Korea Inc (2020)

NE8040-HRM/SRM CSM Toray PA MgSO4/water 99.0�99.5 6.1�9.0 3�10 Toray Advanced Materials
Korea Inc (2020)

dNF40 NX Filtration Modified PES MgSO4/water 91 20�40 (L m22 h21) 2�12 NX Filtration B.V. (2020a)

dNF80 NX Filtration Modified PES MgSO4/water 76 20�50 (L m22 h21) 2�12 NX Filtration B.V. (2020b)

PolyCera Titan PolyCera Not specified RB/water 99 46�48 n.a. Haan et al. (2020)

NF, nanofiltration; OSN, organic solvent nanofiltration; PA, polyamide; PDMS, polydimethylsiloxane; BB, brilliant blue R; DMF, dimethylformamide; PI, polyimide; API, active
pharmaceutical ingredient; IPAc, isopropyl acetate; PES, polysulfone; RB, rose Bengal.



desalination by testing two commercial osmotic-driven membranes (i.e., RO, PRO, and
FO) in seven independent laboratories. The study concluded that TFC membrane evalua-
tion and reproduction are more challenging than for asymmetric membranes owing to the
concentration polarization effect. The authors recommended several characterization tech-
niques (e.g., SEM, AFM, and porosity) to check membrane integrity prior and after filtra-
tion to improve reproducibility (Cath, Elimelech, & McCutcheon, 2013).

There has been an exponential increase in the number of research papers on polymer-
based NF membranes. However, we should not rely on research interest as a “number”
but rather on the advancements made to revolutionize the status of NF membrane technol-
ogy to shorten the path from laboratory to industry. Industrial membrane manufacturing
is limited (i.e., phase separation, interfacial polymerization, and surface coating) to the
production of flat-sheet and hollow-fiber NF membranes (Ulbricht, 2020). Comprehensive
studies on translating the advances in polymer-based NF membranes (highlighted in
Section 5.2) for industrial manufacturing are lacking.

5.9 Summary and future direction

In summary, two approaches for the development of membranes have been established
by researchers and the membrane community. First, polymer-based NF membranes are

FIGURE 5.12 Percentage distri-
bution of responses from surveying
the OSN community about essential
parameters required to ensure
reproducibility (blue, it is virtually
much broader in covering the para-
meters) and compared to the
reported parameters in OSN litera-
ture (orange, it is narrower and con-
centrated in covering specific
parameters such as the configura-
tion type). Source: From Le Phuong,
H. A., Blanford, C. F., & Szekely, G.
(2020). Reporting the unreported: The
reliability and comparability of the litera-
ture on organic solvent nanofiltration.
Green Chemistry, 22(11), 3397�3409.
https://doi.org/10.1039/d0gc00775g.
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being engineered with the thinnest possible separation layer. Second, the intrinsic proper-
ties of the polymer are being designed at the molecular level (e.g., interconnected micropo-
rosity). Many breakthroughs, as mentioned in earlier sections, have encouraged novel
material development, such as the introduction of PIMs with their unique ladder-like, con-
torted, and rigid monomers that create inefficient packing of their polymer chains, result-
ing in membranes with high free volumes. However, PIMs are not chemically stable in
various polar solvents, which limits their applicability for OSN. Incorporating micropo-
rous organic materials (e.g., MOFs, COFs, zeolites, carbonous materials, and clay) into a
polymer matrix is challenging due to weak compatibility, creation of defects, large voids,
and nonuniform filler distribution, which decrease membrane rejection.

Improving the trade-off relationship between rejection and permeance can unlock new
separation applications that were not possible before. However, the fabrication route of
these novel membranes must be economical, scalable, and designed with operating process
parameters in mind. Shi et al. suggested that further research on ultrafast permeance might
not have a significant practical impact on membrane processes. Instead, we must consider
directing membrane research away from the search for ultrahigh permeance in favor of pri-
oritizing three related areas: (1) designing membrane module, (2) improving NF selectivity,
and (3) reducing physical aging and fouling in modules (Shi et al., 2017). Furthermore, it is
time to shift the focus of research on replacing these materials with renewable materials eli-
gible for biodegradation or by satisfying the 3Rs system (reduce, reuse, and recycle). It is
very important to emphasize which materials can be considered “green materials.” Some
polymers derived from fossil fuels are biodegradable, for example, polycaprolactone (PCL)
and polybutylene adipate terephthalate (PBAT). In contrast, some materials derived from
natural sources are not biodegradable, for example, bio-based polyethylene (bio-PE) and
bio-polycarbonate (bio-PC) made from sugarcane and corn, respectively. Moreover, sustain-
able polymers need to outperform or at least match the conventional polymers to replace
them; general properties include thermal stability, adequate mechanical strength, and high
industrial scalability. Most sustainable polymers reported in academic works were not sub-
jected to life-cycle assessment to quantify their impact and compare with existing fossil-fuel
based polymers (Zhu, Romain, & Williams, 2016). More research is needed to study the
replacement of organic solvents and monomers with green and sustainable alternatives since
the current IP preparation method for ultrathin TFC NF membranes requires (1) large
amounts of toxic solvents, such as hexane, and (2) dilute concentrations for organic and
aqueous phases (as low as 0.05 wt.%). A cradle-to-grave approach, which includes mem-
brane materials, modules, preparation, the overall process, and recyclability after usage, is
recommended to ensure the sustainability of the membrane technology. Yadav et al. con-
ducted a life cycle assessment of the production of 1000 m2 of a polymeric hollow-fiber
membrane to investigate its environmental impacts. Their study showed that the type of
polymer, solvent, and electricity source have a significant effect on the environmental
impact and cost. In particular, the use of green solvents (i.e., ethylene carbonate) over NMP
can reduce the environmental costs by up to 35%. However, replacing a fossil-fuel-based
polymer with a bio-based polymer, such as replacing PSf with bio-based CA, is not always
favorable as it would increase the environmental costs mainly due to the environmentally
unfriendly synthesis of acetic acid used in the CA production process (Yadav, Ismail,
Essalhi, & Tysklind, 2021).
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In addition, the empirical trial-and-error approach, which has been followed thus far
for preparing NF membranes for different separation applications, must be upgraded to a
tailor-made approach designed specifically for each application. One of the tools that
could help reduce this gap is artificial intelligence (AI). AI is a broad computer science
that focuses on creating systems that function independently and intelligently without
human interference. For example, researchers used deep learning tools to analyze a large
dataset (38,430 data points and 18 dimensions) using principal component analysis and
three AI algorithms (i.e., artificial neural network, support vector machine, and random
forest model) to extract the key parameters and predict/classify the membrane perfor-
mance (i.e., permeance and rejection) for OSN application (Fig. 5.13) (Hu et al., 2021). This
work can replace the conventional tools used to predict membrane performance, such as
the solution-diffusion model that is limited regarding the compatibility of polymer-based
membranes with many different solvents, to shorten the path from laboratory to industry.
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a b s t r a c t 

The ubiquitous presence of neonicotinoid insecticides in the environment poses potential health con- 

cerns across all biomes, aquatic systems, and food chains. This global environmental challenge requires 

robust, advanced materials to efficiently scavenge and remove these harmful neonicotinoids. In this work, 

we engineered nanocomposite hydrogels based on sustainable cellulose acetate for water treatment. The 

nanocomposite hydrogels were incorporated with small quantities of polymers of intrinsic microporosity 

(PIM-1) and graphene oxide (GO). We prepared the hydrogels using green solvents such as Cyrene and 

MeTHF via simple dropwise phase inversion. High adsorption capacity and fast kinetic behavior toward 

acetamiprid, clothianidin, dinotefuran, imidacloprid, and thiamethoxam were observed. We also devel- 

oped a rapid and sustainable ultrasound-assisted regeneration method for the hydrogels. Molecular dy- 

namics of the complex quaternary system revealed the synergistic effects of the components, and the 

presence of PIM-1 was found to increase the GO surface area available for neonicotinoid scavenging. We 

demonstrated the robustness and practicality of the nanocomposites in continuous environmental reme- 

diation by using the hydrogels to treat contaminated groundwater from the Adyar river in India. The 

presented methodology is adaptable to other contaminants in both aqueous environments and organic 

media. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

The use of pesticides for agriculture and crop production is in- 

reasing globally, according to the Food and Agriculture Organiza- 

ion of the United Nations (FAO) [1] . Recently, environmental reg- 

lations across the agricultural sector have become more stringent 

o minimize greenhouse emissions and help to reach the Sustain- 

ble Development Goals as part of the Paris Agreement on Climate 

hange. Neonicotinoids are chemically related to nicotine, and they 

ere developed in the 1990s as alternative pesticides to replace 

rganochlorines, organophosphates, and carbamates [2] . They are 
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tilized globally by approx. 120 countries and account for 25% of 

he agriculture insecticide market [ 2 , 3 ]. Studies have shown that 

p to 98% of neonicotinoids remain in the soil as residuals due to 

heir water solubility and high persistence, usually ending up in 

roundwater or surface waters ( Fig. 1 ) [4] . 

Neonicotinoids are systemically absorbed through plant tissue 

o reach the nectar and pollen of the treated crops, leading to 

he potential exposure of pollinators, especially wild bees and 

oneybees. In recent years, debates and uncertainty have arisen 

egarding the use and environmental effects of neonicotinoids. 

bandoning neonicotinoids could cause more damage to the agri- 

ulture sector due to the lack of effective alternatives [5] , even 

hough neonicotinoids negatively impact vital pollinators such as 

ees [6–11] . In 2013, the European Union (EU) banned the use of 

hree neonicotinoids, namely, clothianidin, imidacloprid, and thi- 

methoxam, on flowering crops, and these restrictions were ex- 
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Fig. 1. Schematic representation of neonicotinoid contamination of waterways and their environmental clean-up using nanocomposites hydrogels composed of graphene 

oxide (GO), polymers of intrinsic microporosity (PIM-1), and cellulose acetate (CA). Sustainable regeneration of the hydrogels via ultrasonication. 

t  

r

t

l

s

t

s

o

d

i

o

f

s

a

m

e

l

q

S

r

a

v

c

s

i

a

t

a

i

m  

b

p  

i

p

u

h

n

p

s

c

s

(

m

m

b

2

2

(

r

a

(

(

i

a

2

f

(

o

r

c

c

ended to all outdoor use in late 2018 [ 12 , 13 ]. In addition, dinotefu-

an was also classified as highly toxic to honeybees by the Interna- 

ional Union of Pure and Applied Chemistry (IUPAC) [14] . Neverthe- 

ess, the use of neonicotinoids in most countries has not yet been 

ufficiently curtailed. Thus, neonicotinoids are increasingly ubiqui- 

ous in the environment owing to their widespread use and high 

olubility in water. Apart from directly affecting pollinators, traces 

f neonicotinoids have been found in honey, fruit, vegetables, milk, 

rinking water, and shrimp, among others [15–18] . Recent stud- 

es have linked neonicotinoids to negative environmental impacts 

n soil and water resources, with concentrations of neonicotinoids 

ound in the range of μg L −1 in vital surface and groundwater re- 

ources. Such issues have motivated research in recent years to find 

n engineering solution for public water systems [19] . 

Adsorption is the most widely used technology for the re- 

oval of pesticides from the aqueous environment because it is 

conomically efficient and environmentally friendly [20] . Powder- 

ike adsorbents have practical limitations in their handling and re- 

uire complex processes to achieve efficient recovery from water. 

pherical-shape hydrogels made from polysaccharide-based mate- 

ials such as cellulose, chitosan, and sodium alginate fabricated via 

 simple phase-separation technique have been proposed as a con- 

enient and practical solution [21] . In this work, we have chosen 

ellulose acetate as the polymer matrix to develop practical core- 

hell hydrogel spheres using the phase-separation technique. 

Hydrogels are widely used in agriculture for retaining water, 

mproving soil permeability, and reducing irrigation dependence, 

s well as reducing the need to use hormones, fertilizers, and pes- 

icides [ 22 , 23 ]. Hydrogels have several unique and beneficial char- 

cteristics, including a high swelling degree and adsorption capac- 

ty. However, they need to be mechanically robust and reusable to 

ake them a feasible technology [ 20 , 24 , 25 ]. This can be achieved

y architecting nanocomposites that incorporate high-performance 

olymers and advanced materials ( Fig. 1 ) [ 26 , 27 ]. Polymers with

d

2 
ntrinsic microporosity have been widely studied for numerous ap- 

lications, including water treatment and adsorption, and in partic- 

lar for the removal of antibiotics and dyes [28–30] . Such polymers 

ave vacant spaces between the polymer chains because they are 

ot packed due to the contortion of the fused rings, thus giving the 

olymers high free volumes. Graphene oxide (GO) has also been 

uccessfully employed in adsorptive water treatment and photo- 

atalysis [31–35] . The objective of this work is to investigate the 

ynergistic effect of GO and polymers of intrinsic microporosity 

PIM-1), combined with cellulose acetate (CA) hydrogel for the re- 

oval of neonicotinoids from the aqueous environment. The novel 

aterials were applied in continuous water purification facilitated 

y ultrasound-assisted regeneration of the hydrogels. 

. Material and methods 

.1. Material 

5,5 ′ ,6,6 ′ -Tetrahydroxy-3,3,3 ′ ,3 ′ -tetramethyl-1,1 ′ -spirobisindane 

TTSBI, 98%, Synthon Chemicals) was dissolved in methanol, 

e-precipitated from dichloromethane, and dried under vacuum 

t room temperature before use. Tetrafluoroterephthalonitrile 

TFTPN, 98%, Chemos) was used as received. Anhydrous K 2 CO 3 

99%, Fisher Scientific) was ground to a fine powder and dried 

n a vacuum oven at 110 °C overnight before use. The cellulose 

cetate (CA) was purchased from BDH Chemical Ltd (Malaysia). 

-methyltetrahydrofuran (MeTHF), and Cyrene R © were purchased 

rom Sigma-Aldrich and used as received. N,N -Dimethylacetamide 

DMAc) and p -cymene were purchased from Alfa-Aesar. All aque- 

us solutions were prepared using Milli-Q Type II water with a 

esistivity of 18.2 M � cm at 25 °C. Groundwater samples were 

ollected near the Adyar river in Tamil Nadu, India. Acetamiprid, 

lothianidin, imidacloprid, thiamethoxam, and dinotefuran stan- 

ards were purchased from Fisher Scientific. 
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Table 1 

The designations and solid compositions of the hydrogels prepared in Cyrene and 

MeTHF green solvents. The superscripts and subscripts show the PIM-1 and GO con- 

centrations, respectively. 

Hydrogel GO (wt%) PIM (wt%) CA (wt%) 

H 0 0 100 

H 

PIM 1 0 1 99 

H 

PIM 1 
GO 0 . 1 0.1 1 98.9 

H 

PIM 1 
GO 1 1 1 98 

H 

PIM 1 
GO 5 5 1 94 

H 

PIM 1 
GO 10 10 1 89 

H 

PIM 5 0 5 95 

H 

PIM 10 0 10 90 

H GO 10 10 0 90 

d

h

2

e

f

9

r

t

w

m

T

t

i

a

h

(

F

i

2

f

m

a

o

u

3

a

s

a

u

2

 

t

h

s  

S

c  

f

r

t

2

d

w

w

g

.2. Methods 

.2.1. General methods 

An Alpha-P instrument (Bruker Instruments) was employed for 

he attenuated total reflectance Fourier transform infrared analysis 

ATR-FTIR) of the dried hydrogels under air. An average of 32 scans 

as used to generate the infrared spectra. Thermogravimetric anal- 

sis (TGA) was performed on a TGA-550 (TA Instruments) with a 

amp rate of 20 °C min 

−1 from 25 °C to 800 °C under N 2 con-

tant flow. The NMR measurements were performed on a 400 MHz 

ruker Avance III using CDCl 3 as a solvent. Possible leaching of GO 

nd polymers from the hydrogels into the water was determined 

y measuring the total organic carbon (TOC) content of the su- 

ernatant, with a high sensitivity Shimadzu TOC-L analyzer having 

 limit of detection (LOD) of 4 μg L –1 . The neonicotinoid concen- 

rations were determined using the method reported in [36] un- 

er the following conditions: an Agilent 6470B LC/MS/MS triple 

uadrupole system using a Kromasil C18 column with 5 μm parti- 

le size, 250 mm × 4.6 mm dimensions, and MeCN:H 2 O containing 

.5% formic acid as mobile phase at a flow rate of 0.5 mL min 

−1 

LOD 0.1 μg L –1 ). The molecular mass of PIM-1 was measured by 

el permeation chromatography (GPC) set at 1 mL min 

–1 in chlo- 

oform using Viscotek VE2001 and TDA302 modules. The nitro- 

en adsorption (N 2 ) isotherms of the powder samples of the poly- 

ers were performed using a surface area and porosimetry ana- 

yzer (Micrometrics ASAP 2050) at –196 °C up to 1 bar after de- 

assing the samples at 80 °C for 12 h with pressure lower than 10

mHg. Apparent Brunauer-Emmett-Teller (BET) surface areas were 

alculated from N 2 adsorption data by multi-point BET analysis. 

he swelling (%S) of the hydrogels was determined by measuring 

he water uptake capacity defined in Eq. (1) : 

 S = 100 

m wet − m dry 

m dry 

(1) 

here m wet and m dry refer to the weights of wet hydrogels at 

quilibrium and dry hydrogels, respectively. 

.2.2. Synthesis of polymers of intrinsic microporosity (PIM-1) 

PIM-1 was prepared using an established method [37] that we 

mployed in our previous work [38] . The monomers, 0.01 mol 

,5 ′ ,6,6 ′ -tetrahydroxy-3,3,3 ′ ,3 ′ -tetramethyl-1,1 ′ -spirobisindane 

TTSBI) and 0.02 mol tetrafluoroterephthalonitrile (TFTPN), 

.06 mol anhydrous potassium carbonate, 40 mL N,N - 

imethylacetamide (DMAc), and 20 mL p -cymene were added 

o a dry reaction flask equipped with a Dean-Stark trap and an 

KA overhead stirrer. The reaction conditions were kept anhydrous 

y performing all steps under argon gas. Once the dissolution 

as complete, the reaction mixture was refluxed for 30 min. The 

btained viscous solution was allowed to precipitate in methanol. 

he crude product was refluxed for 14 h in Type II water, fol- 

owed by washing with 4 × 80 mL acetone. The polymer was 

ried in a vacuum oven at 100 °C over 24 h. GPC: M n = 48,500;

 w 

= 127,300; M p = 87,400; M w 

/ M n = 2.62. 1 H NMR (400 MHz,

DCl 3 ): δ 6.71 (br, s, 2H), 6.32 (br, s, 2H), 2.21 (br, s, 2H), 2.02

br, s, 2H), 1.24 (br, s, 6H), 1.26 (br, s, 6H). Surface area: 705 m 

2 

 

–1 . Elemental analysis (wt%) calculated for C 29 H 20 N 2 O 4 molecular 

ormula: C, 75.65 H, 4.35 N, 6.09. Found: C, 74.92 H, 4.41 N, 5.87. 

.2.3. Hydrogel preparation 

The composition of the hydrogels is summarized in Table 1 . 

n a typical procedure to prepare CA/PIM-1/GO beads, 9 g of cel- 

ulose acetate and 0.1 g PIM-1 were dissolved in a mixture of 

00 mL Cyrene:MeTHF (1:1), followed by the addition of 1 mL of 1 

g mL –1 GO suspension. The GO suspension was sonicated for 1 h 

rior to use. The mixture of CA/PIM-1/GO suspension was stirred 

t 300 rpm at 22 °C for 1 h, followed by the dropwise addition into
3 
eionized water as a coagulation medium to yield hydrogels. The 

ydrogels were kept in water to retain their original morphology. 

.2.4. SEM analysis 

The DI water phase of hydrogels was carefully exchanged to the 

thanol phase to minimize the pore collapse. This process was per- 

ormed at room temperature for 10 min using 30, 50, 70, 90, and 

5% ethanol/water solutions, step by step. Finally, this process was 

epeated three times, using 100% ethanol with the same conditions 

o make the ethanol-based solution state. Ethanol in the hydrogel 

as gradually exchanged to carbon dioxide (CO 2 ) using the auto- 

ated critical point dryer (Leica EM CPD300, Leica Microsystems). 

he dried hydrogels were stored in the desiccator until charac- 

erization. Samples were cut using a blade for the cross-sectional 

maging and sputter-coated with iridium (thickness of 5 nm) to 

void the charging effect. Surface and cross-sectional images of the 

ydrogels were collected using the scanning electron microscopy 

SEM, Teneo, FEI Co., USA). In addition, SEM (Magellan 400 FEG, 

EI Co., USA) was used to obtain the high-resolution cross-sectional 

mages of the hydrogels. 

.2.5. XPS analysis 

X-ray photoelectron spectroscopy (XPS) experiments were per- 

ormed on a Kratos Axis Supra instrument equipped with a 

onochromatic Al K α x-ray source ( h ν = 1486.6 eV) operated 

t a power of 150 W and under UHV conditions in the range 

f ~10 −9 mbar. All spectra were recorded in the hybrid mode 

sing electrostatic and magnetic lenses and an aperture slot of 

00 μm × 700 μm. The survey and high-resolution spectra were 

cquired at fixed analyzer pass energies of 80 eV and 20 eV, re- 

pectively. The samples were mounted in the floating mode to 

void differential char ging. Therefore, XPS spectra were acquired 

sing charge neutralization. 

.2.6. Adsorption isotherms and kinetics 

In a typical procedure 1 L of 1 ppm neonicotinoid ( Fig. 2 ) con-

aminated water was loaded on 12, 20, 30, 40, 50, 75 and 120 mg 

ydrogels, the container was sealed, and placed in an incubator 

haker (KS 40 0 0 i control, IKA) at 23 °C and 250 rpm for 24 h.

amples from the supernatants were taken to quantify the neoni- 

otinoids. Samples were taken at 0, 0.25, 0.5, 1, 2, 5, 12, and 24 h

or analysis of the kinetic parameters. The experiments were car- 

ied out in duplicates, and the reported errors are standard devia- 

ions. 

.2.7. Hydrogel regeneration 

Three methods were evaluated for the regeneration of the hy- 

rogels over ten adsorption-desorption cycles, including i) ethanol 

ash at room temperature, ii) water wash at 40 °C, and iii) water 

ash using ultrasound. During the adsorption steps, 50 mg hydro- 

el was stirred with 1 L of 1 ppm acetamiprid solution for 24 h. 
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Fig. 2. Chemical structures of neonicotinoids used in this work. 

Fig. 3. Illustration of the continuous adsorption and regeneration process for 

wastewater treatment. Phase 1 refers to adsorption on the top column and des- 

orption on the bottom column, and vice versa for Phase 2. The 4-way valve in the 

middle allowed the separation of the purified water and the concentrated waste 

water into different vessels. 
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uring the desorption steps, the hydrogels were filtered, placed in 

 vial, and stirred at 250 rpm with 3 × 5 mL ethanol at 23 °C
r water at 40 °C in the incubator shaker over 8 h. Alternatively, 

 × 5 mL (0.5 min each) water in an Elma P 60 H ultrasonic unit

et at 80 kHz frequency and 20 W power (lowest setting) was used 

or the desorption over 1.5 min. 

.2.8. Continuous environmental remediation 

A process schematic for the continuous adsorption system is 

hown in Fig. 3 . The system consists of two piston pumps, a 

eed tank containing the contaminated water sample, a regener- 

tion tank containing pure water, two collection tanks for the pu- 
4 
ified water and the waste stream, and two stainless steel columns 

I.D. × O .D. × L , 10 mm × 1/2 ′′ × 25 cm) wet-packed with 10 g of

he hydrogel. The hydrogel was soaked in pure water for 24 h prior 

o loading the columns. The columns were immersed in Cavitek ul- 

rasonic tanks, which were thermostated at 25 °C. In a typical pro- 

edure, the contaminated water and pure water were passed up- 

ard through the adsorption and desorption columns at a speed 

f 10 and 1 mL min 

−1 in an alternating manner, respectively. Dur- 

ng each adsorption-desorption cycle, 3.3 L purified water was col- 

ected through one of the columns, while the other column was 

ubjected to ultrasound-assisted regenerated using pure water at 

 flow rate of 1 mL min 

−1 over 1.5 min. Five continuous cycles 

16.5 L) were performed with river water spiked with 10 ppm of 

cetamiprid, clothianidin, imidacloprid, thiamethoxam, and dinote- 

uran. The continuous experiment was also performed with 3 L of 

ocally sourced groundwater from the Adyar river containing 1.31, 

.28, 0.79, and 0.35 ppm of acetamiprid, clothianidin, imidaclo- 

rid, and thiamethoxam, respectively. Note that dinotefuran was 

ot found in the natural sample. A control experiment was per- 

ormed on the Type I pure water. 

.2.9. Molecular dynamics 

For the four-component model, the periodic 40 × 30 supercell 

f the orthogonal unit cell of graphene-oxide (5376 carbon atoms, 

00 epoxy, and 800 hydroxyl groups) was placed into a cubic box 

ith periodic boundary conditions, added two PIM-1 chains of 18 

onomers and 500 CA monomers. CA was polymerized using Poly- 

atic [39] , and the system was subsequently hydrated. The force 

eld described in references [ 39 , 40 ] was applied for PIM-1, while

e used the compatible force field for GO and CA. The system 

as relaxed using simulated annealing by ten cycles of heating to 

00 K and cooling to 300 K in 2,000,000 steps each, and finally 

0,0 0 0,0 0 0 steps at constant temperature and constant pressure 

olecular dynamics simulations at 300 K. The simulations were 

arried out using the OpenMP parallel version of the LAMMPS sim- 

lation package [41] . A time step of 0.9 fs was applied in all cases.

efer to the Supplementary Material for the details of the model- 

ng. 

We analyzed the interactions of the various neonicotinoids with 

O using quantum chemical methods. Similarly to the literature 

42] , we cleaved a circular geometry with diameter of 1.5 nm 

rom the GO plane and optimized (Fig. S14) together with its 

eonicotinoid complexes using the GFN2-XTB2 method, specifically 

eveloped for the accurate computation of the geometries and 

on-covalent interaction of large systems [43] . We subsequently 

omputed the interaction energies using the more accurate PBEh- 

c/def2-mSVP Density Functional method, what is suitable for the 

ccurate computation of the interaction energies [44] . Both the 

FN2-XTB and the PBEh-3c methods resulted in similar interaction 

nergies (Table S18). 

. Results and discussion 

.1. Chemical and morphological characterizations 

SEM images of the nanocomposite hydrogels ( Fig. 4 ) show sim- 

lar core-shell structure for H , H 

PIM 1 , H 

PIM 1 
GO 1 

, H 

PIM 10 and H GO 10 

Fig. S1). The hydrogel’s diameter is around 1.5 mm, which con- 

titutes a thin shell layer with an average thickness of approx. 

0 nm. Interestingly, nano-sized beads are formed at the center 

f the hydrogel core, connected by a fibrous network that hierar- 

hically branches from the middle toward the thin outer layer. We 

bserved similar structures for all nanocomposite hydrogels in this 

ork because the structure formation depends on the phase in- 

ersion behavior of the main component, i.e., CA. Regarding ther- 

odynamic and kinetic properties, the highly porous and fibrous 
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Fig. 4. Typical hydrogel morphology exemplified on H 

PIM 1 
GO 1 through SEM images showing the (a) whole bead, (b) cross-section, (c) center position, (d) shell position, and (e) 

near-surface cross-section of the beads. Refer to the Supplementary Material for the morphology of all beads. 
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etwork (sponge-like structure) formed beneath the outer shell 

ayer is a result of the slow solvent/non-solvent exchange during 

he phase inversion [45] . We can reasonably postulate that the 

A solution is thermodynamically stable in the presence of hy- 

rogen bonding between the CA and the polar aprotic solvents 

Cyrene:MeTHF 1:1), which results in the slow phase inversion 

ate. 

FTIR spectra of the nanocomposite hydrogels are presented in 

ig. 5 a. The distinctive peaks of GO conflict with those of CA and

IM-1. The stretching vibrations of O–H and C–H groups appear at 

pprox. 340 0 cm 

−1 and 290 0 cm 

−1 , respectively. Strong bands at 

700 cm 

−1 and 1050 cm 

−1 correspond to C–O and C 

= O stretching 

ibrations that are present in both CA and GO. The overall spec- 

ra are dominated by the CA due to the small quantities of PIM-1 

nd GO in the hydrogels. However, PIM-1 at higher concentrations 

n the hydrogel can be distinguished within the spectra, as mani- 

ested by the slight increase in band intensity at 1410 cm 

−1 , which 

s attributed to the stretching vibrations of C = N [46] . Overall, the 

imilar FTIR spectra for all hydrogels are supported by the XPS 

nalysis, which also confirms the similar structure. The chemical 

omposition of the hydrogels ( Fig. 5 b, Table S1) demonstrates the 

ominance of CA as the oxygen and carbon content closely rep- 

esent the composition of the pristine CA ( H) comprising C–OH, 

 

= O and C–O bonds [47] . There were no significant changes in the

hemical composition of the hydrogel surface despite the increase 

n GO and PIM concentration to 10 wt% (Fig. S3 and Table S2). 

hese results indicate that the GO and PIM are inside the hydro- 

el and not on the outer shell layer because XPS only provides the 

hemical composition of the surface with less than 10 nm depth. 

The TGA curves of the different types of nanocomposite hydro- 

els are shown in Fig. 5 c. The initial weight loss at the temperature

ange of 50–100 °C can be attributed to the adsorbed water. Inter- 

stingly, the weight loss increased with higher GO loading and de- 

reased with the presence of PIM-1 in the hydrogels. This observa- 

ion is the result of the abundance of oxygen-containing groups in 
5 
O and CA, which resulted in having free water and bound water 

n the hydrogel network. We observed the characteristic decompo- 

ition step of pristine CA and GO-based hydrogels at 150–200 °C 

wing to the degradation of the hydroxyl groups, following with 

 slow decline in weight loss as the temperature increased [48] . 

eanwhile, PIM-1 based hydrogels were more stable at tempera- 

ures lower than 300 °C due to the dipole-dipole interactions be- 

ween polar nitrile groups [49] . The major weight loss for all hy- 

rogels occurred at approx. 355 °C (Fig. S4, Table S3) due to the 

reaking of the glycosidic linkage, and subsequently, the degrada- 

ion of the CA chains [50] . 

The swelling of the material dictates its ability to capture con- 

aminants efficiently. The difference in osmotic pressure between 

he solution wicking within the hydrogel and the bulk liquid 

auses the hydrogels to swell, ultimately leading to structure de- 

erioration depending on the cohesiveness of the material [51] . 

ery low swelling ratio hydrogels can be more resilient but offer 

ower swelling capabilities and, therefore, reduced separation per- 

ormance [52] . We found a linear correlation between the swelling 

atio of the hydrogels and the filler content. We generally observed 

 decrease in swelling behavior as the loading of PIM-1 or GO in- 

reased in the hydrogels ( Fig. 5 d). The effect of GO is more pro-

ounced than PIM-1 in terms of increasing the swelling resistance. 

he swelling of the CA-based hydrogels decreased from 339 ± 19% 

o 144 ± 13% as the PIM-1 content gradually increased to 10 wt%. 

owever, the swelling of hydrogels containing 1 wt% PIM-1 de- 

reased from 306 ± 18% to 86 ± 13% as the GO content gradually 

ncreased to 5 wt%. This phenomenon is in agreement with the 

olecular dynamics study detailed in Section 3.3 , as the GO and 

A exhibited a strong interaction via their polar groups, resulting 

n a tighter network structure, which suggests a prolonged time 

eeded for water to penetrate the material. Thus, a high swelling 

atio is necessary to ensure exposure of the inner surface of the 

anocomposite hydrogels to water and allow the GO to scavenge 

he neonicotinoids. 
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Fig. 5. ATR-FTIR spectra (a), XPS analysis (b), thermogravimetric curves (c), and swelling ratio (d) of the different hydrogels. 
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.2. Neonicotinoid scavenging 

We investigated the neonicotinoid scavenging capability to re- 

eal the effect of PIM-1 and GO by comparing the maximum ad- 

orption capacities and removal efficiencies ( Fig. 6 a). The adsorp- 

ion capacity monotonously increased with PIM-1 loading showing 

 weak performance culminating at 1.8 mg g − 1 for H 

PIM 10 . How- 

ver, the adsorption capacity significantly improved with the incor- 

oration of GO in the hydrogel matrix, reaching as high as 20 mg 

 

− 1 for H 

PIM 1 
GO 10 

. Interestingly, the high loading of GO was not 

ufficient to achieve the same performance, which highlights the 

mportance of the presence of PIM-1. In particular, the adsorption 

apacity for H GO 10 without PIM-1 decreased by approx. 82%. We 

ypothesize that the abundance of the oxygen-containing groups 

n GO has a high affinity not only for the polar neonicotinoids but 

lso for the CA matrix. However, the incorporation of PIM-1 re- 

ulted in a more porous structure around the GO sheets, as also 

hown in the MD simulation in Section 3.3 , which increased the 

ctive surface area of the GO available for scavenging of the neon- 

cotinoids. This assumption is also supported by the observation 

hat the adsorbed neonicotinoid per GO mass decreased with an 

ncrease in the GO/PIM-1 ratio. Because the increase in GO content 

1 → 5 → 10 wt%) did not significantly enhance the performance 

f the hydrogel, we selected H 

PIM 1 
GO 1 

for further investigation. 

The adsorption data of the neonicotinoids on H 

PIM 1 
GO 1 is best 

tted using the Redlich-Peterson isotherm compared to other 

sotherms such as linear, Langmuir, Freundlich, extended Fre- 

ndlich, reciprocal, Temkin, Sips, Toth, and Jovanovich ( Fig. 6 b 
6 
nd Table S6). At low concentrations, the adsorption isotherm ap- 

roaches a Langmuir isotherm. The increase in adsorbent mass 

hould provide more active sites for adsorption to take place. How- 

ver, the increased mass of H 

PIM 1 
GO 1 

results in a reduction of the 

dsorption capacity, where Langmuir assumptions are not valid. 

uch complex adsorption behavior has been reported for other 

anocomposites used for water treatment [53] . This phenomenon 

ould be explained by the competitive effect between aggrega- 

ion and adsorption on the hydrogel surface [ 53 , 54 ]. Consequently, 

he experimental equilibrium data can be fitted with the Redlich- 

eterson model by increasing the exponent constant, which con- 

aves the isotherm downward to predict the reduction in the ad- 

orption capacity. This undesirable effect can be avoided by op- 

imizing the ratio of hydrogel mass/system volume to be in the 

ange of 20–50, which allows achieving the highest possible re- 

oval efficiency with the least amount of hydrogel ( H 

PIM 1 
GO 1 

). 

Furthermore, the fast kinetic isotherms of H 

PIM 1 
GO 1 

demonstrate 

ts potential for practical applications ( Fig. 6 c). The rapid adsorp- 

ion within the first hour was followed by a gradual decrease un- 

il reaching the equilibrium plateau after 9 h. Table S14 compares 

he kinetic behavior with similar works in the literature, which 

emonstrates the fast kinetics of our hydrogels. The kinetic data 

ere best fitted with Lagergren’s pseudo-first-order model, with 

orrelation coefficients higher than 0.99 for all the neonicotinoids. 

hey also achieved the minimum value for the Akaike’s Informa- 

ion Criterion (AIC) in comparison with other isotherms such as 

o’s pseudo-second-order model, Elovich, and Weber-Morris (Ta- 

le S7). However, imidacloprid and thiamethoxam fitted excep- 
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Fig. 6. Hydrogel performance: a) removal efficiency expressed as the amount of neonicotinoid adsorbed per hydrogel or GO mass; b) adsorption isotherms; c) adsorption 

kinetics at fixed adsorbent mass/system volume ratio of 50; d) acetamiprid adsorption capacity and hydrogel components leaching of as a function of H 

PIM 1 
GO 1 regeneration 

cycles. 
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ionally well the Ho’s pseudo-second-order model (e.g., R 

2 = 0.9986 

or imidacloprid and R 

2 = 0.9988 for thiamethoxam). Ho’s model 

est describes chemisorption via electron exchange [55] . Therefore, 

e hypothesize that the neonicotinoids form various interactions 

ith the GO surface, such as through hydrogen bonding, and π- π
nd ionic interactions. The chemisorption mechanism of GO-based 

anocomposites has been previously described for the adsorption 

f dyes and heavy metals in aqueous solutions [56] . All the ad- 

orption and kinetic isotherms are almost identical and within the 

xperimental error, which shows that the chemical class of neon- 

cotinoids have similar adsorption behavior on the nanocomposite 

ydrogels. 

We studied the regeneration and reuse of H 

PIM 1 
GO 1 

using three 

ifferent procedures: i) washing with ethanol for 8 h, ii) washing 

ith pure water for 8 h at 40 °C, and iii) placing in an ultrasound

ath with pure water for 1.5 min ( Fig. 6 d). Overall, we found that

 

PIM 1 
GO 1 can be easily regenerated using all the procedures, which 

reserved at least 96% of the adsorption capacity, following the re- 

ersible characteristics of physisorption. However, the ethanol and 

he elevated temperature showed a monotonous decrease in per- 

ormance over the regeneration cycles, and therefore, their appli- 

ation is not recommended from a practical point of view. We 

ound the ultrasound-assisted regeneration to be the most effec- 

ive procedure in desorbing acetamiprid from H 

PIM 1 
GO 1 with virtually 

o performance loss over ten cycles. Employing ultrasound also re- 

uced the time required for regeneration by a factor of 32 com- 

ared to the other procedures. This superior performance can be 
7 
ttributed to the simultaneous rarefactions and compressions, or 

o-called surface cavitation [57] , in the hydrogel that, in this case, 

an break the physical interactions with the acetamiprid. 

The morphology of the hydrogel was found to be unaffected 

y the optimized and repeated short sonication cycles, while long 

xposure to ultrasound changed the center of the hydrogel from 

ead-like to fiber-like (Fig. S2). Leaching from nanocomposites 

uch as our hydrogels can jeopardize the purity of the produced 

ater. Thus, we subjected H 

PIM 1 
GO 1 

to a continuous water purifi- 

ation step using Type 1 water to investigate potential leaching 

rom the hydrogel. The TOC analysis revealed a constant level of 

arbon content in the water at 33.2 ± 3.5 μg L −1 concentration 

 Fig. 6 d), which corresponds to the quality of the Type 1 water 

sed. Our findings pave the way for the use of sustainable ultra- 

ound technology for the regeneration of hydrogels, literature re- 

orts on which are still scarce (Table S15). 

Our nanocomposite hydrogels achieved high removal efficien- 

ies despite operating at a high flow rate (10 mL min 

−1 ) com- 

ared to a 3 mL min 

−1 flow rate reported in the literature [21] .

he breakthrough curves of the neonicotinoids during the spiked 

ure water treatment are shown in Fig. 7 a, which are almost iden- 

ical, as expected based on their adsorption and kinetic isotherms. 

he breakthrough of neonicotinoids occurred after processing 3.1 L 

f water. We verified the feasibility of environmental remediation 

hrough a continuous adsorption-desorption system for the treat- 

ent of contaminated groundwater ( Fig. 3 ). Fig. 7 b reveals the 

oncentration profile over five continuous adsorption-regeneration 
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Fig. 7. Continuous packed bed performance: a) breakthrough curve of neonicotinoids on H 

PIM 1 
GO 1 ; and b) the alteration between adsorption and regeneration cycles between 

columns A and B (see Fig. 3 ) during the continuous environmental remediation. 

Table 2 

Porosity data for binary and ternary mixtures of PIM-1, GO, CA, and H 2 O. 

Mixture Limiting pore diameter ( ̊A) Max. pore diameter ( ̊A) Surface area (m 

2 g −1 ) 

PIM-1/GO 3.7 11.7 687 

PIM-1/H 2 O 8.2 14.4 1542 

PIM-1/GO/H 2 O 5.0 12.4 864 

CA/GO 1.5 4.8 0 

CA/H 2 O 9.6 15.9 0.67 

CA/GO/H 2 O 4.5 14.0 486 
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ycles using two packed bed columns of H 

PIM 1 
GO 1 . One column 

as used for neonicotinoid scavenging, while the other column 

as simultaneously regenerated. During each cycle, 3.3 L of wa- 

er was purified with a residual neonicotinoid concentration of 

.345 ± 0.112 ppm. The processing of 2.7 L of water yielded 

eonicotinoid-free, ultra-pure water with residual neonicotinoid 

oncentration of 0.058 ± 0.017 ppm. Increasing the residual con- 

entration threshold allows for more bed utilization and higher 

roductivity; however, it compromises the purity of the processed 

ater. The source of water affected the bed utilization [58] , which 

as 84% for the pure water matrix ( Fig. 7 a) and 70% for the

roundwater matrix ( Fig. 7 b). These bed utilizations removed 99.9% 

f the neonicotinoids. The locally sourced water from the Adyar 

iver had concentrations as low as 1.31, 0.28, 0.79, and 0.35 ppm 

f acetamiprid, clothianidin, imidacloprid, and thiamethoxam, re- 

pectively. Therefore, we did not observe the breakthrough during 

he continuous operation with 3 L of water. 

We assessed the sustainability of the continuous adsorption 

rocess treating contaminated groundwater through the complete 

cEF, Eq. (2) ) and simple (sEF, Eq. (3) ) E factors, as well as the car-

on footprint ( Eq. (4) ), which we found to be 0.10, 1.49 × 10 −4 , and

.99 kg −1 , respectively. This conservative assessment was based on 

he experimentally proven ten regeneration cycles ( Fig. 6 d). How- 

ver, regeneration of the hydrogels over 50 cycles improved the 

EF by approx. 20%. Nonetheless, this improvement in cEF is neg- 

igible because the concentrated wastewater (desorption cycle) is 

hree orders of magnitude higher than the hydrogel waste. Con- 

rolling the temperature of the adsorption process at 25 °C con- 

ributed the most (92.9%) to the overall carbon footprint. Note that 

n a field application, a thermostat would not be used, and there- 

ore the carbon footprint would decrease to 0.31 kg −1 . Refer to the 

upplementary Material for the green metrics calculations. In gen- 

ral, owing to the ten-fold lower flow rate during the regeneration 

rocess (desorption), the yield of the purified water was as high as 

0%. Note that the hydrogel regeneration did not require any acid, 

ase, or solvent, and sustainable ultrasound technology was used, 

ith pure water as the eluent. The eluent consumption for the re- 

eneration of the hydrogel was 33 L kg –1 cycle –1 , which is at the
 w

8 
ower end for eluent consumption by similar processes (Table S16). 

omplete E factor ( cEF ) = 

Mass of waste generated including water ( kg ) 

Mass of desired product ( kg ) 

(2) 

imple E factor ( sEF ) = 

Mass of waste generated excluding water ( kg ) 

Mass of desired product ( kg ) 
(3) 

arbon footprint = 

Mass of equivalent C O 2 (kg) 

Mass of desired product (kg) 
(4) 

.3. Revealing the nanoscale interactions 

We computed the maximum pore diameters (corresponding to 

he largest cross-section of the pore channels), the limiting pore 

iameters (corresponding to the necks of the pore channels), and 

he surface areas using the algorithms implemented in the Pore- 

lazer program, as displayed in Table 2 . In line with previous stud- 

es [ 40 , 46 ], the incorporation of PIM-1 into nanocomposites gives 

ise to well-defined porous structures. On the contrary, owing to 

he flexible polymer backbone, the CA without PIM-1 exhibited 

 non-porous structure with limiting pore diameters smaller than 

.5 Å. Water causes the polymers to swell and enlarges the pores; 

hus, both the limiting and the maximum pore sizes are sensitive 

o the hydrating conditions. Consequently, the appearance of the 

ores in the CA/H 2 O binary system is the consequence of the sol- 

ation. 

In agreement with the literature [59] , the pore structure of the 

IM-1/GO system is similar to that of the pure PIM-1 and CA. How- 

ver, within the PIM-1/GO nanocomposite, pores also exist at the 

urface of the GO sheet, which is the result of the rigid structure 

f PIM-1. However, within the CA/GO nanocomposite, there are no 

ores near the GO sheet, which can be attributed to two factors: 

) CA consists of flexible polymer chains, and ii) owing to the large 

umber of epoxy and hydroxyl groups, the GO strongly interacts 

ith the polar groups of CA. These findings support the experi- 
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Fig. 8. Geometrical structures and pore networks. PIM-1/GO binary system in the dry state showing the geometries (a) and pore network (b) for the same orientation. PIM- 

1/CA binary system in the dry state showing the geometries (c). PIM-1/GO/H 2 O (d,f) and CA/GO/H 2 O (e,g) ternary systems in the solvated state showing the geometries (d,e) 

and pore networks (f,g) for the same orientation. Geometric structures of the PIM-1/GO/CA/H 2 O quaternary system from the side (h,i) and top (j) views. Pore network (k) of 

a representative part of the quaternary system: the CA strongly attached to the top of the GO sheet, while both PIM-1 and CA are present below the GO sheet, providing a 

ticker but more porous structure. The pores are filled with water in the simulation. The GO is depicted in gray, the polymers are colored according to the different chains, 

and the pores are shown in purple. Interaction energy (l) of the GO with the neonicotinoids, where the hydrogen bonds are highlighted with green ellipses on the molecular 

geometries. 
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ental observations in Fig. 6 a, and explain the role of PIM-1 in 

ncreasing the neonicotinoid adsorption on GO. 

The geometries and the pore networks for the binary, 

ernary, and quaternary systems are shown in Fig. 8 . The PIM- 

/GO/H 2 O system exhibits several smaller pores, while the pores 

f CA/GO/H 2 O are cumulated into larger pores, in line with the 

olymer swelling. Therefore, despite the similar pore sizes of 

A/GO/H 2 O and PIM-1/GO/H 2 O, the surface areas are notably dif- 

erent, as shown in Table 2 . In the nanocomposite, the interface 

etween the different materials exhibited several pores, leading to 

eaker interactions between PIM-1 and GO ( −167 mJ m 

–2 ) than 

etween CA and GO ( −408 mJ m 

–2 ). Due to the numerous hydroxyl

nd epoxy groups on the GO, such nanosheets offer a partially hy- 

rophilic structure [60] . Consequently, the CA and water compete 

or adsorption, and the GO sheet is not completely covered by the 

olymer. These results demonstrate that the pore sizes can be fine- 

uned by varying the constituents of the system, which ultimately 

llows the molecular engineering of nanocomposite hydrogels sys- 

ems for environmental remediation. 

Our investigation of the PIM-1/GO/CA/H 2 O quaternary system 

 Fig. 8 h-k) revealed that the CA/GO interaction is more favored 

han that of the PIM-1/GO; in particular, the shorter CA chains pre- 

er the interaction with the GO plane and flattening on the sur- 

ace. Therefore, larger molecular weight CA is recommended for 

dsorptive hydrogels. Because of the swelling, filaments consisting 

f CA chains can be found between the replicas of the GO plane, 

.e., the CA holds the nanocomposite together. We observed that a 
9 
ew PIM-1 attach directly to the GO sheet, which are surrounded 

y water and flexible CA chains. Hence, PIM-1 provides porosity to 

he nanocomposite locally at the GO surface and therefore makes 

he GO available for scavenging neonicotinoids. 

The results in Fig. 8 l shows that all the investigated neoni- 

otinoids interact favorably with GO, with relatively small vari- 

tion in the interaction energies ( −75 to −91 kJ mol −1 ), except 

or acetamiprid ( −143 kJ mol −1 ). In agreement with the litera- 

ure [42] , the hydrogen bond interactions between the hydroxyl 

nd epoxy groups of the GO and the polar groups of the neoni- 

otinoids are the most important for their interactions. The favor- 

ble hydrogen-bonding explains the increased stability of the GO- 

cetamiprid complex. 

. Conclusions 

We successfully produced nanocomposite hydrogels prepared 

rom green solvents such as Cyrene and MeTHF and composed 

f sustainable cellulose acetate, and 0.1–10 wt% polymers of in- 

rinsic microporosity (PIM-1), and graphene oxide (GO). The struc- 

ure and pore networks were simulated using empirical force field- 

ased molecular dynamics simulations that revealed the synergis- 

ic effects of PIM-1 and GO through the increase in surface area 

vailable for neonicotinoid scavenging. We observed high adsorp- 

ion capacity culminating at 20 mg g –1 and fast kinetic behavior 

owards acetamiprid, clothianidin, dinotefuran, imidacloprid, and 

hiamethoxam. Continuous environmental remediation of contami- 
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ated groundwater from the Adyar river resulted in concentrations 

f neonicotinoid pollution of less than 0.1 μg L –1 . The yield of pu-

ified water was as high as 90%. We demonstrated the sustainable 

ltrasound-assisted regeneration of the scavengers over ten cycles 

ith virtually 100% recovery of the adsorption capacity. The pre- 

ented methodology is expandable to other contaminants in both 

queous environments and organic media. 
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1. Hydrogel morphology  

 

 

Fig. S1. Morphology of the hydrogels through SEM images: (a, f, k, p, u) 𝐻𝐶𝐴; (b, g, l, q, v) HPIM 1; (c, 

h, m, r, w) 𝐻𝐺𝑂 1
𝑃𝐼𝑀 1; (d, i, n, s, x) HPIM 10  and (e, j, o, t, y) HGO 10, showing the (a-e) whole beads, (f-j) 

cross-section of beads, (k-o) center position of beads, (p-t) shell position of beads, and (u-y) near-

surface cross-section of beads. 
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Fig. S2. The effect of ultrasound-assisted regeneration on the morphology of HGO 1
PIM 1 hydrogel through 

SEM images: (a, d, g, j) unused hydrogel; (b, e, h, k) short sonication of 1.5 min repeated 10 times in 

total including experiments in Fig. 7; (c, f, i, l) long sonication of 60 min without interruption. The 

images show the (a-c) whole beads, (d-f) cross-section of beads, (g-i) center position of beads, (j-l) shell 

position of beads. 

 

Table S1. Chemical composition as the atomic content of the hydrogels derived from XPS. 

Hydrogel C (%) O (%) N (%) 

𝐇 59.4 40.6 0 

HPIM 1 59.2 40.5 0.3 

𝐇𝐆𝐎 𝟏
𝐏𝐈𝐌 𝟏 60.3 39.5 0.2 

HPIM 10 59.7 40.1 0.2 

𝐇𝐆𝐎 𝟏𝟎 58.8 40.8 0.4 
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Fig. S3. High resolution XPS spectra of (a-c) C1s and (d-f) O1s peaks for (a, d) HCA; (b, e) HGO 10 and 

(d, f) HPIM 10 hydrogels. 

 

Table S2. High-resolution peak and their area percentage of the XPS spectra. 

High 

resolution peak 

Area percentage (%) 

C1s O1s 

Binding energy 

(eV) 
285 286.3 287.5 288.9 532.2 533 

Functional 

group 
C-C, C-H C-O, C-N C=O O-C=O C-O, C=O O-C=O 

H 15.8 53.2 13.3 17.7 45.9 54.1 

𝐇𝐆𝐎 𝟏𝟎 14.3 57.2 11.9 16.6 42.7 57.3 

𝐇𝐏𝐈𝐌 𝟏𝟎 17.7 50.7 13.7 17.9 42.1 57.9 
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Fig. S4. DTG curves of the different hydrogels. 

 

Table S3. Maximum degradation temperature (Tm) of the different hydrogels. 

 

 

 

 

 

 

 

  

Hydrogel Tm (°C) 

𝐇 355.4 

HPIM 1 353.6 

𝐇𝐆𝐎 𝟎.𝟏
𝐏𝐈𝐌 𝟏  355.5 

𝐇𝐆𝐎 𝟏
𝐏𝐈𝐌 𝟏 355.0 

𝐇𝐆𝐎 𝟓
𝐏𝐈𝐌 𝟏 349.1 

𝐇𝐆𝐎 𝟏𝟎
𝐏𝐈𝐌 𝟏  352.7 

HPIM 5 354.2 

HPIM 10 355.9 

𝐇𝐆𝐎 𝟏𝟎 354.5 
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2. Hydrogels swelling behavior  

 

Table S4. Swelling ratio of GO-based hydrogels. 

Hydrogel Swelling ratio (%) 
𝐇 339±19 

𝐇𝐆𝐎 𝟎.𝟏
𝐏𝐈𝐌 𝟏  293±18 

𝐇𝐆𝐎 𝟏
𝐏𝐈𝐌 𝟏 251±15 

𝐇𝐆𝐎 𝟓
𝐏𝐈𝐌 𝟏 86±13 

 

Table S5. Swelling ratio of PIM-1-based hydrogels. 

Hydrogel Swelling ratio (%) 
𝐇 339±19 

HPIM 1 306±18 

HPIM 5 230±15 

HPIM 10 144±13 

 

 

3. Adsorption and kinetic isotherms  

 

The experimental data were fitted using Microsoft Excel Solver to carry out the computerized trial 

and error approach, as reported elsewhere [1-3], and the correlation coefficient (R2) was selected to 

assess the quality of the fit between the experimental and theoretical data based on the nonlinearized 

form of the model. Linear transformations were avoided as the method contradicts the use of the 

software in the first place and could change the error-function implicitly, as well as violating the 

assumptions of the least-squares method [4]. Relying only on R2 to choose the best fit for the 

experimental data is not sufficient, especially when comparing models with different degrees of 

freedom, as reported elsewhere [5]. Herein, the adsorption isotherm of thiamethoxam demonstrates the 

case where R2 is not always suitable for evaluating the goodness of fit and appears artificially large for 

the Temkin model in comparison with the Redlich–Peterson model. Therefore, Akaike's Information 

Criterion (AIC), which is more statistically robust method, was used to compare the goodness of fit 

based on the sum of the squares of the errors (SSE) and the number of data points (N), as well as the 

number of parameters in the model (NP) defined in Eq. S1. This method indicates that the best fit model 

should have the minimum AIC value compared to the other models.  

𝐴𝐼𝐶 = 𝑁 ln (
𝑆𝑆𝐸

𝑁
) + 2𝑁𝑃 +

2𝑁𝑃(𝑁𝑃+1)

𝑁−𝑁𝑃−1
                                                                                           (Eq. S1) 
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3.1 Adsorption isotherms 
 

We investigated and compared the adsorption isotherms using ten adsorption models described 

below. The simplest adsorption model is the linear isotherm, known as Henry's law regime, and 

expressed by Eq. S2, where aL and bL are the linear isotherm constants, and Ce is the equilibrium 

concentration of adsorbate in the feed solution (mg-1 L).   

𝑞𝑒 = 𝑎𝐿 + 𝑏𝐿 𝐶𝑒                      (Eq. S2) 

 

The Langmuir isotherm, used frequently in literature, describes the surface coverage through the 

dynamic equilibrium of adsorption and desorption rates based on the open and covered surface sites, 

assuming monolayer adsorption onto a homogenous surface with a finite number of identical sites and 

no interactions between the adsorbate molecules [6]. It is also used to estimate the maximum adsorption 

capacity. The two-parameter model is expressed by Eq. S3, where KL is Langmuir equilibrium constant 

(L mg-1), and N is the binding site density or maximum adsorption capacity (mg g-1). 

𝑞𝑒 =
𝑁 𝐾𝐿 𝐶𝑒

1+𝐾𝐿 𝐶𝑒
                 (Eq. S3) 

 

Another common adsorption model is the Freundlich isotherm that describes multilayer adsorption 

and heterogeneous surface. However, it is not applicable over a wide range of concentrations. The 

Freundlich isotherm is expressed by Eq. S4, where KF is the Freundlich constant (L mg-1), and 1/nF is 

the heterogeneity factor [7]. The applicability of this model requires that the value of nF is between 1 

and 10 [8]. A larger value of nF indicates how far the model deviates from Henry's law regime.   

𝑞𝑒 =  𝐾𝐹 (𝐶𝑒)1 𝑛𝐹⁄                 (Eq. S4) 

 

The Freundlich isotherm has been extended, named the Freundlich Extended isotherm, to have the 

maximum adsorption capacity feature that the Freundlich model lacks. This model is defined by Eq. 

S5, where KFE is the Freundlich Extended constant (L mg-1), and 1/nFE is the heterogeneity factor. 

𝑞𝑒 =  𝐾𝐹𝐸 (1 + 𝐶𝑒)1 𝑛𝐹𝐸⁄                (Eq. S5) 

 

The Temkin isotherm includes the indirect interactions between adsorbate and adsorbent into its 

adsorption prediction. This model is expressed by Eq. S6, where KT and BT are Temkin constants. This 

model works best for an intermediate concentration [9].  

𝑞𝑒 =  𝐵𝑇 ln (𝐾𝑇 𝐶𝑒)                (Eq. S6) 
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The reciprocal isotherm is expressed by Eq. S7, where aR and bR are the reciprocal isotherm 

constants.  

𝑞𝑒 =
1

𝑎𝑅+𝑏𝑅 𝐶𝑒
                 (Eq. S7) 

 

Sips isotherm considers both Langmuir and Freundlich isotherms; thus, it can be applied for 

homogenous and heterogeneous adsorption as well as removing the limitations of high concentrations. 

The isotherm model results in a monolayer adsorption isotherm at high concentrations and hence 

follows Langmuir isotherm of having a saturation capacity, whereas, at low concentrations, it 

approaches Freundlich isotherms [1]. Sips isotherm is expressed by Eq. S8, where KL is Langmuir 

equilibrium constant (L mg-1), N is binding site density (mg g-1), and n is the heterogeneity index. 

𝑞𝑒 =
𝑁 𝐾𝐿 𝐶𝑒

𝑛 

1+𝐾𝐿 𝐶𝑒
𝑛                 (Eq. S8) 

 

Toth isotherm [10] is an enhancement of Langmuir isotherm as it favors heterogeneous adsorption 

regardless of whether adsorbate concentration is high or low. Toth isotherm, unlike Freundlich and Sips 

isotherms, obeys Henry's law at extremely low concentrations. This model is expressed by Eq. S9, 

where KT is the Toth isotherm constant (L mg-1), aT, and t are adjustable constants.  

𝑞𝑒 =
 𝐾𝑇 𝐶𝑒

(𝑎𝑇+𝐶𝑒)1 𝑡⁄                  (Eq. S9) 

 

Redlich–Peterson isotherm [11] also combines Langmuir and Freundlich isotherms, in which the 

model predicts the Langmuir isotherm at low concentration and Freundlich isotherm at high 

concentration. The three-parameter model is expressed by Eq. S10, where KRP is Redlich–Peterson 

isotherm constant (L mg-1), aRP is a constant, and g is an exponent that lies between 0 and 1.  

𝑞𝑒 =
 𝐾𝑅𝑃 𝐶𝑒 

1+𝑎𝑅𝑃𝐶𝑒
𝑔               (Eq. S10) 

 

Jovanovic isotherm considers Langmuir isotherm assumptions [12] and adds the possibility of 

having mechanical interactions between the adsorbate and adsorbent. This model reduces to Henry's 

law at low concentration and can reach saturation at high concentration. This model is expressed by Eq. 

S11, where Kj is Jovanovic equilibrium constant (L mg-1), and Nj is the binding site density (mg g-1). 

𝑞𝑒 =  𝑁𝑗 (1 − 𝑒−𝐾𝑗𝐶𝑒)              (Eq. S11) 
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Table S6. Adsorption isotherm parameters of HGO 1
PIM 1. 

Adsorption 

isotherm 

models 

Parameters 

Acetamiprid Clothianidin Dinotefuran Imidacloprid 

 

Thiamethoxam 

 

 
Linear 

aL 9.1712 10.5337 11.0733 11.0898 12.6861 

bL 6.6022 5.8952 6.0670 6.5510 2.9739 

R2 0.1312 0.0967 0.0780 0.0746 0.0360 

AIC 30.6599 31.5291 33.2035 34.5071 29.4450 

 
Langmuir 

N 16.5156 17.7919 18.6522 19.1758 17.4535 

KL 14.9978 12.6146 12.5794 12.9764 13.3302 

R2 0.5354 0.4344 0.3949 0.3916 0.3182 

AIC 26.2851 28.2556 30.2589 31.5755 27.0213 

 
Freundlich 

KF 15.8687 16.6820 17.4352 17.9491 16.2033 

nF 4.2111 4.4399 4.4292 4.3141 6.0572 

R2 0.3575 0.2776 0.2468 0.2458 0.1719 

AIC 28.5506 29.9663 31.7898 33.0772 28.3810 

 
Extended 

Freundlich 

KFE 9.5537 10.6992 11.2691 11.4215 12.3073 

nFE 1.4320 1.6542 1.6924 1.6386 2.8227 

R2 0.1459 0.1143 0.0951 0.0908 0.0571 

AIC 30.5414 31.3912 33.0733 34.3837 29.2896 

 
Reciprocal 

aR 0.0901 0.0816 0.0769 0.0749 0.0744 

bR -0.0232 -0.0182 -0.0160 -0.0154 -0.0093 

R2 0.0774 0.0586 0.0400 0.0402 0.0236 

AIC 31.6448 32.2407 33.7722 35.0500 29.7014 

 

Temkin 
BT 3.2126 3.4167 3.6129 3.7675 2.7085 

KT 147.3550 140.86 133.4081 125.4745 429.2011 

R2 0.8831 0.8728 0.8500 0.8299 0.8971 

AIC 27.5532 29.2990 31.1887 32.4547 28.0509 

  

 

Sips 

N 15.1801 16.2498 17.1413 17.7196 16.0606 

KL 1.8777×107 1.8632×107 7.2244×105 8.0973×106 8.9363×106 

n 5.0535 5.7149 4.6986 5.2742 6.3877 

R2 0.6185 0.5351 0.4942 0.4808 0.4493 

AIC 31.8995 33.8795 36.0009 37.4618 32.5250 

 

 

Toth 

KT 1.1202×1016 1.1300×1016 3.8171×1012 3.3549×1017 2.4214×1017 

aT 6.5868 6.7230 5.3241 6.5539 7.7178 

t 0.0588 0.0595 0.0699 0.0535 0.0579 

R2 0.8445 0.7697 0.8030 0.8581 0.7543 

AIC 25.6894 29.0277 29.4001 28.3837 26.8839 

 

 

Redlich-

Peterson 

KR 47.7117 48.9728 49.8663 51.0059 51.7983 

aR 4.0385 3.6464 4.0059 4.1959 3.2851 

g 4.7165 5.1310 6.0075 6.2656 3.9815 

R2 0.9422 0.9067 0.9385 0.9682 0.8219 

AIC 18.6898 22.6410 21.2493 17.9243 24.6425 

 

Jovanovic 

Nj 14.7123 15.6952 16.4757 17.0769 15.3403 

Kj 9.5545 9.5545 9.5545 9.5545 9.5545 

R2 0.5855 0.4614 0.4150 0.4130 0.3306 

AIC 25.4817 27.9109 30.0205 31.3240 26.8915 
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3.2 Kinetic isotherms 

 

The kinetic isotherms were obtained by analyzing the amount of neonicotinoid adsorbed against 

time. In theory, the adsorption process undergoes three stages: (i) bulk or external diffusion; (ii) intra-

particle diffusion; (iii) inter-particle equilibrium. Lagergren's pseudo-first-order model [13] 

incorporates all the kinetics (the external, internal, and adsorption rates) in one with respect to time but 

requires an initial guess of the equilibrium adsorbate concentration. This model is expressed by Eq. 

S12, where k1 is the rate constant of the first-order model (h-1), and t is time (h).  

𝑞𝑡 =  𝑞𝑒 (1 − 𝑒−𝐾1𝑡)                                                                                                                                 (Eq. S12) 

 

Ho's second-order model [14] considers the electron exchange between the adsorbate and adsorbent 

as the limiting step in forming their bond. This is unlike Lagergren's model, where the initial guess of 

the equilibrium adsorbate concentration is not required. Ho's model is expressed by Eq. S13, where k2 

(g mg-1 h-1) is the rate constant of the second-order model. 

𝑞𝑡 =  
𝑞𝑒

2 𝑘2 𝑡

𝑞𝑒 𝑘2 𝑡+1
                                                                                                                                             (Eq. S13) 

 

Elovich model [15] mainly predicts adsorption on heterogeneous surfaces. This kinetic model is 

expressed by Eq. S14, where α is the initial adsorption rate constant, and β is the initial desorption rate 

constant.  

𝑞𝑡 =  
ln(𝛼 𝛽)

𝛽
+

ln 𝑡

𝛽
                                                                                                                                      (Eq. S14) 

 

Weber-Morris model [16] is used to predict the intraparticle diffusion process and expressed by Eq. 

S15, where kd is the rate constant of the intraparticle diffusion. 

𝑞𝑡 =  𝑘𝑑  𝑡0.5                                                                                                                                               (Eq. S15) 
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Table S7. Kinetic isotherm parameters of HGO 1
PIM 1. 

Kinetic 

isotherm 

models 

Parameters 

Acetamiprid Clothianidin Dinotefuran Imidacloprid 

 

 

Thiamethoxam 

 

 

 

Lagergren’s 

Pseudo First 

Order 

k1 1.7688 1.8148 1.8065 3.1626 1.5502 

qe 16.4151 17.1019 17.2800 16.7524 17.0582 

R2 0.9907 0.9909 0.9890 0.9910 0.9895 

AIC -0.0281 0.2863 1.8150 -1.0192 0.9226 

 

Ho's Pseudo 

Second 

Order 

k2 0.1444 0.1429 0.1396 0.3053 0.1230 

qe 17.5625 18.2971 18.4967 17.6129 18.2832 

R2 0.9708 0.9775 0.9702 0.9988 0.9986 

AIC 7.9661 6.5944 8.8221 -14.9209 -12.9783 

 

Elovich 

β 0.4417 0.4291 0.4212 0.6723 0.4073 

α 365.9051 420.4124 401.3736 16411.3030 284.9677 

R2 0.7327 0.7588 0.7354 0.7933 0.8794 

AIC 17.5096 16.9482 18.0774 9.2722 11.7964 

 

Weber-

Morris 

kd 4.9269 5.1633 5.2050 5.2450 5.1290 

R2 0.1586 0.1602 0.1588 0.1197 0.2551 

AIC 28.8979 29.3824 29.6230 31.3081 28.0773 

 

4. Column efficiency considerations   

 

Continuous adsorption through a column packed with hydrogels (or adsorbents) implies that an 

immediate mass transfer takes place upon introducing the feed, allowing the concentration of 

neonicotinoids (or adsorbates) to decrease along the length of the column or bed. As the feed continues 

to flow in, a portion of the column will be continuously exposed to the feed concentration until reaching 

equilibrium, which can be defined as LES. After that, the mass transfer continues to the portion of the 

bed that is not in equilibrium with the feed, forming a mass transfer zone (MTZ). Consequently, the 

MTZ progresses along the bed. At the same time, the concentration of neonicotinoids in the effluent 

stays zero for some time. It increases at the breakthrough time (tb) as the MTZ reaches the end of the 

column. Finally, the effluent concentration reaches the feed concentration (i.e., Cb = C0) at some longer 

time defined as an exhaustion time (te). The portion of the bed that is not used is denoted as LUB. The 

LES, MTZ, and LUB sections of the bed can be identified based on the empirical or short-cut method 

for analyzing the breakthrough curve [17]. This approximation method is reasonable, given that the 

breakthrough is sharp and not limited by slow mass transfer. We assume that the bed is initially clean, 

and the hydrogels are fully regenerated. Generally, a short MTZ, and hence steep front, indicates 

efficient utilization of the bed. Furthermore, we assume the concentration of adsorbate in the hydrogels 

is extremely high compared to the concentration of neonicotinoids in the surrounding fluid. The 

operating parameters were 10 ppm initial concentration of each studied neonicotinoid (C0), 10 mL min-

1 flow rate (Q), and the bed dimensions were not altered. We evaluated the breakthrough curves for 

each neonicotinoid, showing the concentration front in the bed as a function of the processed volume 

(Fig. S5–S9).  
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𝐴𝑚𝑜𝑢𝑛𝑡 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑡 𝑏𝑟𝑒𝑎𝑘𝑡ℎ𝑟𝑜𝑢𝑔ℎ = 𝑄𝐶0𝑡𝑏                                                                        (Eq. S16) 

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 = 𝑄𝐶0𝑡𝑏 +
1

2
𝑄𝐶0(𝑡𝑒 − 𝑡𝑏)                                                                (Eq. S17) 

𝑓 =
𝐿𝐸𝑆

𝐿
= 1 −

𝐿𝑈𝐵

𝐿
=

𝑡𝑏

𝑡𝑠
                                                                                                                (Eq. S18) 

 

The threshold concentration is chosen to achieve ultra-pure quality water where the residual 

concentration of neonicotinoids in the processed water is the lowest. For example, for 2.7 L of processed 

water for one adsorption cycle, the residual concentration of total neonicotinoid was 0.066 ppm (Table 

S8) with an average neonicotinoid concentration of 0.013 ppm during the continuous purification of 

spiked river water (Table S9). This means that only 70.13% of the column's total adsorption capacity 

is being used during the adsorption cycle. Although increasing the processed volume by 0.6 L enables 

more bed utilization by approx. 13.4%, this leads to a significant increase in the total residual 

neonicotinoid concentration in the processed water by approx. 2156.1%, as shown in Table S8. The 

effect of increasing the volume of purified water on the bed utilization and the residual neonicotinoid 

concentration can be seen in Fig. S10.  

  

 

 

Fig. S5. Breakthrough curve of acetamiprid on HGO 1
PIM 1during the continuous purification of spiked river 

water and spiked pure water. The feed concentration of acetamiprid was 10 ppm.   
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Fig. S6. Breakthrough curve of clothianidin on HGO 1
PIM 1during the continuous purification of spiked river 

water and spiked pure water. The feed concentration of clothianidin was 10 ppm. 

 

 

 

 

Fig. S7. Breakthrough curve of imidacloprid on HGO 1
PIM 1during the continuous purification of spiked 

river water and spiked pure water. The feed concentration of imidacloprid was 10 ppm. 
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Fig. S8. Breakthrough curve of thiamethoxam on HGO 1
PIM 1during the continuous purification of spiked 

river water and spiked pure water. The feed concentration of thiamethoxam was 10 ppm.  

 

 

 

 

Fig. S9. Breakthrough curve of dinotefuran on HGO 1
PIM 1during the continuous purification of spiked river 

water and spiked pure water. The feed concentration of dinotefuran was 10 ppm. 

 



15 
 

Table S8. Bed utilization (%) and residual concentrations (ppm) of all neonicotinoids at the end of the continuous adsorption process. 

Processed 

volume (L) 

Raw data Water source Bed utilization 

(%) 

Total neonicotinoid 

in processed water 

(ppm) 

Average 

neonicotinoid in 

processed water 

(ppm) 

2.7 Fig. 5f Spiked river 70.13 0.066 0.013 

3.3 Fig. 5f Spiked river 79.52 1.489 0.298 

2.7 Fig. 5e Spiked pure 

water 

77.14         Less than LOQ 

3.3 Fig. 5e Spiked pure 

water 

86.84 0.296 0.059 

16.5 Fig. 5f Spiked river 79.52 1.345 0.269 

 

 

Table S9. Breakdown of residual concentrations (ppm) of each neonicotinoid (acetamiprid, clothianidin, imidacloprid, thiamethoxam, 

dinotefuran) at the end of the continuous adsorption process. 

Processed 

volume 

(L) 

Raw 

data 

Water 

source  

Acetamiprid 

in processed 

water (ppm) 

Clothianidin 

in processed 

water (ppm) 

Imidacloprid 

in processed 

water (ppm) 

Thiamethoxam 

in processed 

water (ppm) 

Dinotefuran 

in processed 

water (ppm) 

2.7 Fig. 5f Spiked 

river 

0.041 0.007 Less than 

LOQ 

0.018 Less than 

LOQ 

3.3 Fig. 5f Spiked 

river 

0.425 0.250 0.250 0.218 0.345 

2.7 Fig. 5e Spiked 

pure 

water 

Less than LOQ 

3.3 Fig. 5e Spiked 

pure 

water 

0.044 0.091 0.058 0.076 0.028 

16.5 Fig. 5f Spiked 

river 

0.330 0.240 0.250 0.205 0.320 
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Fig. S10. Bed utilization (%) and the residual concentration of acetamiprid, clothianidin, imidacloprid, 

thiamethoxam, and dinotefuran (ppm) in the processed water at the end of the continuous adsorption 

process for the treatment of spiked river water. 

 

 

5. Green metrics analysis 

 

The E factor, carbon footprint, energy efficiency, and solvent consumption are essential to assess 

the sustainability of any process. 

Complete E factor (cEF) =
Mass of waste generated including water (kg)

Mass of desired product (kg)
                                                 (Eq. S19) 

Simple E factor (sEF) =
Mass of waste generated excluding water (kg)

Mass of desired product (kg)
                                                     (Eq. S20) 

Solvent consumption =
Mass of solvent used (i.e., water) (kg)

Mass of desired product (kg)
                                                                (Eq. S21) 

Carbon footprint=
Mass of equivalent 𝐶𝑂2 (kg)

Mass of desired product (kg)
                                                                                   (Eq. S22) 

  

The continuous process produced pure water with a 90% yield. The regeneration of the hydrogel 

columns required 10% of the adsorption flow rate. Therefore, the solvent (water) consumption of the 

process was 0.1 kg kg-1. The waste of the process comes from two sources: the concentrated 

neonicotinoid wastewater from the desorption cycle, and the consumed hydrogel (Table S6). We 

assumed that the hydrogel maintained the same adsorption capacity for ten adsorption-desorption cycles 

based on the reusability study in the main article (Fig. 5d). The UK national grid has an emission factor 

of 0.669 eq kg CO2 kWh-1 for the low voltage electrical energy and 1.860 eq kg CO2 kWh-1 for the 
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incineration of related solvents and chemicals according to the GHG protocol [18] and used to calculate 

the carbon footprint, as expressed in Eq. S22. Note that the energy consumption of the continuous 

adsorption process was estimated based on the maximum power consumption of each equipment used 

multiplied by the process duration in hours. 

 

 

Table S10. Waste generated from a continuous adsorption process expressed as kg of waste per kg of 

purified water. 

Waste type 

 

Waste generated (kg kg-1) Contribution (%) 

Hydrogel 1.4859×10-4 0.1479 

Wastewater 0.1003 99.8521 

Total 0.1004 100.0000 

 

 

 

Table S11. Energy consumption breakdown for the continuous adsorption process expressed as kWh 

per kg of purified water. 

Equipment  

 

Energy consumption (kWh kg-1) Contribution (%) 

Pump  0.1672 6.1956 

Ultrasonic tank at 80 kHz  0.0093 0.3442 

Thermostat at 25 °C 2.5075 92.9336 

Stirrer at 250 rpm  0.0142 0.5266 

Total  2.6982 100.0000 

 

 

 

Table S12. Carbon footprint breakdown for the continuous adsorption process expressed as 

equivalent kg of CO2 per kg of purified water. 

Carbon footprint 

 

Equivalent CO2 (kg kg-1) 

 

Contribution (%) 

 

Pump  0.1118 5.6144 

Ultrasonic tank at 80 kHz  0.0062 0.3119 

Thermostat at 25 °C 1.6775 84.2167 

Stirrer at 250 rpm  0.0095 0.4772 

Hydrogel 2.7638×10-4 0.0139 

Wastewater 0.1866 9.3658 

Total  1.9919 100.0000 
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Fig. S11. The effect of bed utilization (%) on the E factors (cEF and sEF) during the continuous 

adsorption process for the treatment of river water.  
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6. Literature comparison  
 

 

Table S13. Literature summary on the removal of acetamiprid, clothianidin, dinotefuran, imidacloprid, and thiamethoxam from aqueous solutions.  

Type of 

Neonicotinoids 

Application Feed conc. (mg L-1) Type of material Technology Maximum capacity per 

mass of hydrogel (mg g-1) 

Number of cycles Removal or degradation 

efficiency (%) 

Ref. 

Acetamiprid Wastewater 

treatment 

2 Activated carbon Adsorbent - 5 80 [19] 

Thiamethoxam Wastewater 

treatment 

60 MOF MIL(Fe)/FE-SPC Catalysis - 5 95.4 [20] 

Acetamiprid 

Clothianidin 

Dinotefuran 

Imidacloprid 

Thiamethoxam 

Nitenpyram 

Aqueous 
solution 

(methanol/wa

ter) 

 
0.5-100 (100 was 

used for adsorption) 

 
Fe4O3 -GO-β-cyclodextrin 

 
Adsorbent 

2.96 
2.88 

1.77 

3.11 
2.88 

2.56 

 
- 

 
- 

[21] 

Acetamiprid 

Clothianidin 

Thiamethoxam 

Wastewater 

analysis 

 

0.00002-0.001 

poly(vinylimidazole-

divinylbenzene) 

 

Adsorbent 

 

- 

 

- 

>63 (except for 

Clothianidin 

40.1-52.9) 

[22] 

Acetamiprid 

Clothianidin 

Dinotefuran 

Ground and 

surface water) 

 

0.05 

 

Fe4O3/ZIF-8 

 

Adsorbent 

 

- 

 

- 

≥79.5 (10 was achieved for 

Dinotefuran) 

[23] 

Acetamiprid 

 

Wastewater 

treatment 

50 Na2B4O7 Catalysis - - 83.48 [24] 

Acetamiprid 

 

Tea infusions 
treatment  

0.025-0.1 Mixed cellulose esters  Membrane - - 53.2-81.9 [25] 

 

Acetamiprid 

Wastewater 

treatment 

 

2-16 

 

Mn-Ni-GO 

 

Catalysis 

 

- 

5 (degradation 

declined to 71-
73.5%) 

90 (this was achievable at 

≤10 mg L-1 of pesticide) 

 

[26] 

Acetamiprid Drug delivery 1000 cholesteryl-grafted sodium 

alginate derivatives (CSAD) 

Adsorbent - - 90.8 [27] 

 

Thiamethoxam 

Wastewater 

treatment 

(groundwater) 

 

50-150 

 

MWCNTs 

 

Adsorbent 

59.09 (the optimized 

adsorption capacity at feed 

concentration of 150 mg L-1) 

 

- 

 

- 

 

[28] 

Acetamiprid Wastewater 

treatment 

1-40 TiO2/Fe3O4/SiO2 Catalysis - - 76.55 [29] 

Acetamiprid Drug delivery 600 poly(N-isopropylacrylamide) 
(PNIPAM)/ attapulgite (ATP) 

Adsorbent 20 5 - [30] 

Acetamiprid Wastewater 

treatment 

400-800 Resin (ZHP02)/ proline Adsorbent 334-501 - 61.18-85.85 [31] 
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Table S14. Summary of recent studies on GO-based hydrogels that reported discussions on kinetics behavior. PVA =  poly(vinyl alcohol); SA = sodium alginate; 

PAA = polyacrylicacid; P(AANa-co-AM) = cross-linked sodium acrylate and acrylamide copolymer; PAAm-PAMPS = polymerization of acrylamide and 2-

acrylamido-2-methylpropane sulfonic acid; Alg2-PAN = alginate-polyacrylonitrile 

 

 

Type of hydrogel Type of adsorbate Most of adsorption (min) Equilibrium time (min) Best fit kinetic model Ref. 

Chitosan/GO Dyes - 20-50 Pseudo second order [32] 

PVA/GO-SA Pb 150 360 Pseudo second order [33] 

GO/PAA Cd 45 - Pseudo second order [34] 

P(AANa-co-AM)/GO Metals 60 120 Pseudo first order [35] 

Cellulose/ GO Metals 20 150 Pseudo second order [36] 

carboxymethyl cellulose 

sodium/ GO 

 20 30 Pseudo second order [37] 

 

Chitosan/GO 

 

Dyes, metals 

 

60-120 

Dyes, 2160-3480 (reduced to 60 min after 

breaking hydrogels into small pieces); 

Metals (240-600) 

 

- 

[38] 

PAAm-PAMPS/GO Methylene blue 15 45 Pseudo second order [39] 

SAHSs Dyes, metals 500 960 Pseudo second order [40] 

Cellulose/GO Methylene blue 1440 8640 Pseudo second order [41] 

Hydroxypropyl 

cellulose/GO 

Methylene blue 180 430 Pseudo second order [42] 

GO/Ca-Alg2-PAN Cu - 147 Pseudo second order [43] 

Carboxymethyl 

cellulose/ GO 

Doxorubicin 300-400 1200-1400 - [44] 

This work Neonicotinoids 60 540 Pseudo first order  
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Table S15. The use of ultrasound in hydrogels. TPP = tripolyphosphate; PEG = poly(ethylene glycol); PLGA = poly(lactic-co-glycolic acid); PMAA = 

poly(methacrylicacid); PVPON = poly(N-vinylpyrrolidone); pHEMA = poly(2-hydroxyethyl methacrylate); 4arm-PEG-Aclt = four-arm polyethylene-glycol 

acrylate; PhB = phynyl boronic acid; HA = hyaluronic acid; PVA =  poly(vinyl alcohol); NIPAM = Nisopropylacrylamide; MBAm = N,N’-

methylenebisacrylamide; BSA = Bovine serum albumin. 

 

 

Type of hydrogel or 

adsorbent 

Desorbed species Frequency 

(kHz) 

Power (W) Time (min) Type of regeneration solvent Purpose of 

ultrasound 

Ref. 

PMAA–PVPON G-quadruplex, 

dsDNA 

22 14, 55 (W cm-2) 0.33, 0.67,1 0.01 M phosphate buffer Release [45] 

Alginate 

 

 

 

TPP–chitosan 

Mitoxantrone, 
SDF-1α, pDNA 

 

 

Naproxen 

 

 

20 

9.6 (mW cm-2) 25 

 

 

 

40 

 

PBS buffer with or without 0-

13.3 mM Ca+2 

 

 

Release 

[46] 

poly(2-oxazoline) dexamethasone 40 20 30-120 PBS buffer Release [47] 

PEG–PLGA diclofenac sodium - 2 (W cm-2) 6-10 PBS buffer Release [48] 

pHEMA ciprofloxacin 43 - 45 Water Release [49] 

PhB-mHA/4arm-PEG-Aclt Tannic acid - 150 50, 100, 200 PBS buffer Release [50] 

Cellulose Mimosa 23, 43, 96 5-30 60 Water Release [51] 

PVA Ibuprofen/Silicon 

oil 

20 14, 24 24 Water Release [52] 

Chitin Gallic acid 43 5-30 60 Water Release [53] 

NIPAM/MBAm BSA, dextran 1000 0.55-3 (W cm-2) 6 Water Release [54] 

This work Neonicotinoids 80 20 1.5 Water Regeneration  
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Table S16. Comparison of hydrogels used in continuous packed bed adsorption-desorption processes at room temperature. PAA = polyacrylicacid; APTMCl = 

(3-acrylamidopropyl)trimethylammonium chloride; MBA =  N,N′-methylenebisacrylamide; PB = Prussian blue; PEI = polyethylenimine ; PDA = 
polydopamine; SAHSs =  super-adsorbent hydrogel spheres based on poly(2-acrylamido-2-methyl-propanesulfonic acid-co-acrylic acid)/GO. 

 

 

Hydrogel material Hydrogel mass 

(g) 

Column dimensions 

(mm × mm) 

Adsorbate Feed flowrate 

(mL min-1) 

Type of 

regeneration solvent 

Solvent 

consumption 

(mL g-1) 

Ref. 

Jute/PAA 4 100 × 12 Metals 2.26 0.1 M aq. NaOH, 

0.1 M aq. HCl 

28.3a 

1000 (batch) 

[55] 

CaCO3-carbonaceous 0.1758 120 × 3.5 Tetracycline 1–3 0.2 M aq. NaOH 1000 (batch) [56] 

Alginate/GO 2 40 × 5 Methylene blue 0.5 0.05 M aq. NaHCO3 40b [57] 

APTMCl/MBA 1 100 × 36 Cr 0.3 0.5 M aq. NaCl 680 [58] 

Yttrium/GO 0.3 40 × 14 F 0.2, 0.5 0.01 M aq. NaOH 1000 (batch) [59] 

PVA-alginate/PB-GO - 200 × 15 Cs 0.83, 1.67, 2.49 - - [60] 

Alginate-PEI- PDA 0.32 150 × 12 Cr 1 0.2 M aq. NaOH, 

0.2 M aq. NaCl 

2500 (batch) [61] 

Chitosan-glutaraldehyde - 370 × 25.4 Direct Blue 71 1–3 - - [62] 

Cellulose/alginate - 212.6 × 9.5 Methylene blue 4.17 1:1 HCl:EtOH - [63] 

Lignosulfonate/ GO  12 × 8 Pb - 1 M aq. HCl - [64] 

SAHSs 0.2 100 × 40 Dyes, metals 3 1 M aq. HCl, 

1 M aq. HNO3 

100 [40] 

This work 10 250 × 10 Neonicotinoids 10 Water 33  
 

 

aThe volume was reported for only one solvent (0.1 M aq. HCl), excluding the volume of the regeneration solvent (0.1 M aq. NaOH) and DI water that was used to wash the 

column. Therefore, the volume of solvent used for regeneration should be higher than this value.   

bThe column was flushed with distillate water, after introducing the 0.05 M NaHCO3, until the pH was neutralized to 7.0; neither the time nor the volume was specified. 

Therefore, the volume of solvent used for regeneration should be higher than this value. 
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7. Molecular dynamics, force field & quantum chemical computations 

 

Realistic modeling of multi-component amorphous polymers is difficult; thus, we applied a step-by-

step approach. First, we investigated the PIM-1/GO and PIM-1/CA binary systems using a model 

consisting of 91 dimer units. Periodic boundary conditions were applied in all three directions; however, 

due to the polymerization process, the PIM-1 or CA formed two-dimensional networks sandwiched 

between GO sheets. In PIM-1/GO/H2O and PIM-1/CA/H2O ternary models, the polymers were solvated 

using 1000 water molecules. The PIM-1/GO/CA/H2O quaternary system was investigated using an 80 

× 60 unit cell of GO and polymers of two PIM-1 polymers consisting of 24 units and amorphous 

polymer of CA from 360 units and 10,000 water molecules, which after the equilibration leads to a 

system size of 11.7 × 11.8 × 7.2 nm. 

The PIM-GO-CA-H2O quaternary system was modeled using empirical non-reactive forcefield-

based molecular dynamics simulations. The forcefield for PIM-1 and H2O consists of the GAFF bonded 

[65] and the TraPPE non-bonded [66] interactions, as developed by Colina [67-69]. Water was modeled 

using the TIP3P model [70]. We developed a consistent forcefield for GO and CA because it was not 

available in the literature. The bonded parameters were obtained for each bonded interaction from the 

GAFF forcefield, shipped with the Moltemplate package, while the Lennard-Jones parameters for each 

atom types were obtained from the analogous molecules from the TraPPE forcefield. Atomic charges 

for GO were obtained from the literature [71], while the CA electrostatic potential fitted charges 

(ChelpG) were computed using B3LYP/6-31G** density functional based computations using the Q-

Chem 5.2 software [72]. 

GO was modeled using several different forcefields from the literature. Here we developed a GO 

forcefield, which is compatible with that of the PIM-1. The GO model was constructed using the Lerf-

Klinovsky model [73]. Briefly, the addition of hydroxyl and epoxy groups to the graphene surface was 

performed, and the bonded-interactions were from the GAFF forcefield [71], while the non-bonded 

parameters were from the literature [71]. Hydroxyl groups were attached to adjacent carbon atoms in 

the cis configuration. We applied the periodic 40*30 supercell of the orthogonal unit cell of graphene 

(5376 carbon atoms) and added 400 epoxy and 800 hydroxyl groups (1200 oxygen and 800 hydrogen 

atoms). Thus the model dimensions were approx. 12 × 12 nm. 

CA has a crystalline structure; however, its dissolution is an entropically-driven process, and 

consequently, its re-crystallization is difficult [74]. We expect favorable interactions between CA and 

GO. Thus we investigated amorphous CA polymers in all cases. Amorphous CA and PIM-1 polymer 

models were constructed using the simulated polymerization model as it is implemented in the 

Polymatic software [68]. The degree of polymerization was above 90% in all cases. The micrometer-

sized GO flakes applied in the experiments were many orders of magnitude larger than the length scale 
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investigated here. Thus the GO was modeled as an infinite plane using periodic boundary conditions. 

For the two- and three-component mixtures, the periodic GO model was placed in the cubic simulation 

box first, while PIM-1 and/or CA monomers were added later; thus, the polymerization was performed 

in two dimensions. Water was inserted into the pores of the resulting structure before the polymerization 

process. The structures were relaxed using the 21-step equilibration process. For the four-component 

system, first the periodic GO model, two PIM chains of 18 monomers and 500 CA monomers were 

inserted into a cubic box. Then, CA was polymerized using Polymatic and water was inserted. The 

system was relaxed using simulated annealing by ten cycles of heating to 600 K and cooling to 300 K 

in 2,000,000 steps each, and finally 10,000,000 steps constant temperature, constant pressure molecular 

dynamics simulations at 300 K. 

The pore structure was analyzed using the Poreblazer [75], while the structures were visualized using 

Ovito [76]. The pore structures were depicted using the nitrogen networks. All the simulations were 

carried out using the OpenMP parallel version of the LAMMPS simulation package [77]. A time step 

of 1.0 fs was applied in all cases. 

The model system for the CA is shown in Fig. S12 charge computations. The Chelpg charges of the 

middle β-glucose unit were used in the forcefield developments and were renormed to achieve charge 

neutrality. All the parameters are available in Table S17. 

 

Fig. S12. Model system used for the CA charge computation. The atomic charges of the middle 

β-glucose unit is used in the computations. 
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Table S17. CA forcefield parameters. See Fig. S13 for atomic numbering. 

 

Atom 

number 
ChElpg Charge Final Charge GAFF type 

TraPPE sigma 

(A) 

TraPPE epsilon 

(K) 

1 0.54502 0.543 c3 3.91 52.5 

2 0.12595 0.123 c3 3.91 52.5 

3 0.330 0.328 c3 3.91 52.5 

4 0.23603 0.234 c3 3.91 52.5 

5 0.14918 0.147 c3 3.91 52.5 

6 0.30224 0.300 c3 3.91 46 

7 −0.4324 −0.435 os 2.8 55 

8 0.7707 0.767 c 3.9 41 

9 −0.0634 −0.066 c3 3.75 98 

10 −0.5345 −0.537 o 2.39 155 

11 −0.5028 −0.505 os 2.8 55 

12 −0.4483 −0.451 os 2.8 55 

13 0.85438 0.852 c 3.9 41 

14 −0.0798 −0.082 c3 3.75 98 

15 −0.5351 −0.538 o 3.05 79 

16 −0.4297 −0.432 os 2.8 55 

17 −0.6238 −0.626 oh 3.02 93 

18 0.38054 0.378 ho 0 0 

 

 

 

 

Fig. S13. Atomic numbering of CA used for the forcefield parameter calculations. 
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Fig S14. Geometric structure of the GO used to model the interactions with the neonicotinoids. 

Optimized using the GFN2-XTB method. 

 

Table S18. Interaction energies of the GO flake (Fig. S14) and various neonicotinoids obtained using 

different quantum chemical methods. The energies are expressed in kJ mol-1. 

 PBEh-3c/def2-mSVPa GFN2-XTB 

Acetamiprid -143 -150 

Clothiamidin -78 -100 

Dinotefuran -87 -114 

Thiamethoxam -75 -101 

Imidacloprid -91 -103 
aGFN2-XTB geometry 
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8. Cartesian coordinates of the GO-neonicotinoid complexes in XYZ format 

 

GFN2-XTB total energies and final gradient norms (in atomic units) are included in the comment 

lines. 

 

GO 

  157 

energy: -311.520373635552 gnorm: 0.000415430678 xtb: 6.3.2 (452493c) 

 C      8.103640     3.038741    -0.520495 

 C      6.670821     3.421187    -0.246933 

 C      8.491797     1.768876     0.244602 

 C      7.896143    -0.628629    -0.051118 

 C      4.499760     6.464634    -0.031571 

 C      3.194431     6.843398     0.083169 

 C      4.928453     5.102589    -0.027355 

 C      6.275864     4.736739    -0.211301 

 C      5.721274     2.383424    -0.104721 

 C      4.373009     2.737647     0.035887 

 C      6.114380     1.014214    -0.079903 

 C      7.500030     0.656624    -0.009478 

 C      6.946787    -1.768325    -0.284633 

 C      5.512245    -1.371999    -0.022122 

 C      7.374249    -2.998296     0.547696 

 C      6.668242    -5.416855     0.500979 

 C      1.430948     8.526026    -0.074501 

 C      2.738699     8.196890    -0.046939 

 C      2.155542     5.838635     0.368182 

 C      0.769257     6.152114     0.041835 

 C      2.570417     4.369487     0.349718 

 C      3.986832     4.062494     0.089765 

 C      3.308103     1.702934     0.248869 

 C      2.076597     2.075652    -0.589296 

 C      3.766163     0.301612    -0.031434 

 C      5.138875    -0.007370    -0.062910 

 C      4.549959    -2.340588     0.171923 

 C      3.170757    -2.047356     0.037388 

 C      4.954780    -3.689449     0.612549 

 C      6.352361    -4.101927     0.472229 

 C      5.679152    -6.437015     0.508124 

 C      4.342668    -6.160055     0.515926 

 C     -0.928169     7.860631    -0.230357 

 C      0.378155     7.536080    -0.086447 

 C     -0.158757     5.136909    -0.055185 

 C     -1.550851     5.433054    -0.140569 

 C      0.267233     3.766275    -0.171467 

 C      1.568591     3.407695    -0.095842 

 C      1.050945     0.970064    -0.521866 

 C     -0.335807     1.351066    -0.822156 

 C      1.427928    -0.313685    -0.360020 

 C      2.805310    -0.687366    -0.112134 

 C      2.182150    -3.076458     0.027063 

 C      0.836054    -2.780968    -0.274260 

 C      2.528712    -4.432220     0.242241 

 C      3.897279    -4.765904     0.660299 

 C      3.310927    -7.145180     0.482296 
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 C      2.001518    -6.810318     0.377216 

 C     -3.297102     7.207870     0.338067 

 C     -2.009706     6.838926    -0.426300 

 C     -2.490208     4.435023    -0.022161 

 C     -3.865537     4.781943     0.211398 

 C     -2.133565     3.058112    -0.203896 

 C     -0.749731     2.785274    -0.609779 

 C     -1.381664     0.333136    -0.660494 

 C     -2.668841     0.678508    -0.434274 

 C     -0.966454    -1.064521    -0.846559 

 C      0.484322    -1.408384    -0.665750 

 C     -0.142816    -3.775455    -0.313245 

 C     -1.530451    -3.450315    -0.466037 

 C      0.225643    -5.145196    -0.139983 

 C      1.595736    -5.451047     0.139077 

 C      0.924961    -7.832635     0.611894 

 C     -0.286886    -7.590456    -0.299727 

 C     -5.665273     6.338303     0.664219 

 C     -4.277365     6.060714     0.362241 

 C     -4.832191     3.692727     0.588101 

 C     -6.244000     4.009764     0.091825 

 C     -4.427531     2.299751     0.185706 

 C     -3.057192     2.035250    -0.156610 

 C     -3.765226    -0.349939    -0.568120 

 C     -4.866264    -0.100734     0.466276 

 C     -3.282227    -1.770880    -0.421240 

 C     -1.954620    -2.110328    -0.567067 

 C     -2.511942    -4.462807    -0.450075 

 C     -3.868939    -4.104829    -0.430140 

 C     -2.108418    -5.843520    -0.367205 

 C     -0.733700    -6.149494    -0.236029 

 C     -1.381750    -8.550220     0.060997 

 C     -2.672583    -8.188949     0.045887 

 C     -6.608273     5.396682     0.562149 

 C     -7.169196     2.915287     0.552600 

 C     -6.736462     1.635589     0.638205 

 C     -5.345980     1.322232     0.362907 

 C     -5.957831    -1.129925     0.341404 

 C     -7.268286    -0.756735     0.770538 

 C     -5.628878    -2.410098    -0.011128 

 C     -4.254177    -2.768900    -0.281979 

 C     -4.911110    -5.127259    -0.604875 

 C     -6.291985    -4.728178    -0.302353 

 C     -4.472162    -6.564294    -0.527389 

 C     -3.065598    -6.855986    -0.273561 

 C     -7.624398     0.539191     0.934425 

 C     -8.218579    -1.880316     1.105357 

 C     -8.068553    -3.037046     0.103283 

 C     -6.625865    -3.452068    -0.051496 

 O      8.531731     2.101855     1.618403 

 O     -2.964619     7.595863     1.657560 

 H     -3.745565     7.488082     2.212540 

 O      0.465578    -7.765104     1.949827 

 H      1.231531    -7.731666     2.534209 

 O      0.183842    -7.880653    -1.623188 

 H     -0.537809    -7.718979    -2.242102 

 O     -8.608862    -2.585551    -1.121689 

 O     -4.373256    -0.195800    -1.847341 
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 H     -3.683826    -0.240976    -2.520864 

 O     -4.248241    -0.260376     1.750325 

 H     -4.945374    -0.246442     2.417739 

 O     -4.916636     3.695621     2.024428 

 H     -4.058546     3.424030     2.371072 

 O     -6.204483     4.003794    -1.338080 

 H     -7.096504     4.163327    -1.666989 

 O      2.850672     1.735448     1.606017 

 H      3.617048     1.694172     2.189579 

 O      2.480387     2.209058    -1.949801 

 H      1.674364     2.280551    -2.482993 

 O      7.041035    -2.200879    -1.647245 

 H      6.855380    -1.446885    -2.219777 

 O      7.583809    -2.647915     1.900345 

 H      6.724753    -2.566942     2.334093 

 O     -0.118717    -1.305118    -1.941911 

 O      2.322906     5.068234     1.535287 

 O     -4.777779    -5.950963    -1.748459 

 O      4.335492    -4.092090     1.820129 

 O     -0.532777     2.246399    -1.899514 

 H      1.129966     9.560585    -0.145177 

 H      3.495985     8.964612    -0.118355 

 H      5.252314     7.223968    -0.194800 

 H      7.015524     5.519130    -0.314069 

 H      8.772430     3.849576    -0.191906 

 H      8.939787    -0.894509     0.019034 

 H      7.706220    -5.712129     0.466285 

 H      6.004092    -7.465761     0.459354 

 H      3.603549    -8.181282     0.579737 

 H     -1.237444     8.890379    -0.317065 

 H     -5.929242     7.353237     0.929998 

 H     -7.653522     5.616812     0.717021 

 H     -8.210186     3.163119     0.699022 

 H     -8.627375     0.785627     1.250881 

 H     -9.255617    -1.517498     1.045075 

 H     -8.656870    -3.901297     0.466759 

 H     -7.042545    -5.503212    -0.373942 

 H     -5.194969    -7.311018    -0.204984 

 H     -3.449902    -8.911474     0.249249 

 H     -1.077307    -9.564395     0.261757 

 H     -3.737909     8.059384    -0.206112 

 H      9.487606     1.456701    -0.104847 

 H      8.731403     1.302102     2.118302 

 H      8.341773    -3.342507     0.170209 

 H      1.312696    -8.839811     0.391496 

 H     -8.259850    -3.127437    -1.838316 

 O      8.303930     2.764226    -1.895885 

 H      7.955042     3.501322    -2.409201 

 O     -7.909082    -2.288864     2.423340 

 H     -8.497050    -3.009438     2.675828 

 O     -2.413534     6.895163    -1.806255 

 H     -1.722141     6.497275    -2.347589 

Acetamiprid 

   26 

energy: -43.244869573135 gnorm: 0.000989028636 xtb: 6.3.2 (452493c) 

Cl      4.371050     1.204958     0.235489 

 C      2.927569     0.295357     0.038195 

 N      1.896332     0.673502     0.760795 
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 C      0.764673     0.001767     0.646614 

 C      0.604915    -1.088500    -0.199771 

 C      1.707938    -1.472270    -0.961176 

 C      2.895486    -0.776124    -0.849573 

 C     -0.692857    -1.857535    -0.305917 

 N     -1.821269    -1.204678     0.309196 

 C     -2.452725    -0.158952    -0.260105 

 N     -3.420915     0.392108     0.386446 

 C     -4.154603     1.388993    -0.004364 

 N     -4.870736     2.265362    -0.221210 

 C     -2.004456     0.288625    -1.623670 

 C     -2.188291    -1.654216     1.633156 

 H     -0.046886     0.372545     1.257646 

 H      1.632332    -2.311157    -1.638231 

 H      3.767220    -1.042666    -1.423569 

 H     -0.562621    -2.825891     0.189334 

 H     -0.901150    -2.061650    -1.361898 

 H     -2.210664    -0.482905    -2.365644 

 H     -0.938027     0.507922    -1.633076 

 H     -2.553697     1.186601    -1.900083 

 H     -1.338474    -1.576345     2.314131 

 H     -2.520840    -2.693811     1.597793 

 H     -3.001932    -1.031341     1.996432 

GO-Acetamiprid 

183 

 energy: -354.822355836656 gnorm: 0.000858762885 xtb: 6.3.2 (452493c) 

C         8.05191813320631    3.02298051454384   -0.44036801432868 

C         6.60041842668042    3.38784785226629   -0.25388893956246 

C         8.42694374194981    1.79084370038186    0.38915304994442 

C         7.88474359098483   -0.62474962590028    0.14956026991920 

C         4.37048597471063    6.39420622760552   -0.37769375220971 

C         3.05389001068547    6.75409376049169   -0.36012325306957 

C         4.82220611101158    5.04605844880858   -0.23882310974423 

C         6.18315602752662    4.69500270993027   -0.32656488915270 

C         5.66266673614472    2.34201970973220   -0.08973875285759 

C         4.30333028292071    2.67739681965682   -0.02407866000481 

C         6.07597568736012    0.98266503158576    0.01356017161567 

C         7.46444942949736    0.65298186547601    0.14010174244585 

C         6.96304708704325   -1.78860904934297   -0.07042473668762 

C         5.51450962761723   -1.41045208768059    0.13312118019380 

C         7.38381819677256   -2.97727945972872    0.82158818124963 

C         6.73423433292549   -5.41018252755908    0.79737721823374 

C         1.26076962284953    8.37183305958165   -0.75658421981801 

C         2.57315270356895    8.07637267770774   -0.64093369433132 

C         2.02403312499383    5.75500450026288   -0.03639226201787 

C         0.64627050980347    6.01343732034952   -0.43203143148811 

C         2.46553703042285    4.29494986692278    0.07423568157889 

C         3.89572937131222    3.99604209827199   -0.08940296271568 

C         3.24520990267341    1.63198573540763    0.19742446920834 

C         2.06182499028018    1.94207896549844   -0.74368877574902 

C         3.73959496983341    0.22725475456133   -0.00267858197457 

C         5.11810972857877   -0.05576403396772    0.03372702585032 

C         4.56293399462886   -2.38961036415136    0.32497654158057 

C         3.18471438646780   -2.12887418696432    0.12210552825906 

C         4.97873379512090   -3.71990817731335    0.80860823327858 

C         6.38964190237531   -4.10396903273672    0.73344890709612 

C         5.76924862545728   -6.45245217844237    0.77934716673769 

C         4.42823462847523   -6.20489627487346    0.72424876241700 
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C        -1.08383436911739    7.64138759951129   -0.92412119283569 

C         0.22398285189388    7.36607475118693   -0.70494983195360 

C        -0.25271360235029    4.97127155456096   -0.45971098724593 

C        -1.64737298435014    5.23224109144920   -0.55566768048945 

C         0.20200678168810    3.60808154285473   -0.47539070671283 

C         1.50626915717540    3.28426097915962   -0.34844721887446 

C         1.04304482295335    0.82250408774705   -0.68634553474531 

C        -0.35372023431089    1.15561449455352   -1.00312230962649 

C         1.43043856608677   -0.44688295551349   -0.43837449774368 

C         2.80023689427618   -0.78318856106791   -0.09941238355923 

C         2.22043016739157   -3.18056091932875    0.09359032055947 

C         0.87949788142970   -2.92151009894081   -0.26029049523467 

C         2.58764713227799   -4.52402179595944    0.34976986177525 

C         3.94540086983659   -4.81985690611224    0.82709416240794 

C         3.42179068667358   -7.21386821311014    0.66615685319736 

C         2.10937976528238   -6.91088144588502    0.51192022905187 

C        -3.41439731739900    7.00231475981905   -0.19703148137650 

C        -2.14872760797622    6.58449832608540   -0.98687973356311 

C        -2.55384083902694    4.23011960526590   -0.30782209341019 

C        -3.92999098325497    4.56522989771738   -0.05544330535567 

C        -2.16813856503966    2.85523397432739   -0.40685469241080 

C        -0.79615130017384    2.58687453981195   -0.85114798902083 

C        -1.38222299311483    0.13146407568878   -0.76391572921407 

C        -2.66494869855581    0.46360419168412   -0.49741903397154 

C        -0.95131850392663   -1.26357010882810   -0.89935427474956 

C         0.50849738855689   -1.57129264497874   -0.70503833528984 

C        -0.08195956395430   -3.93512590559133   -0.27962823725682 

C        -1.47602375737393   -3.63802092538258   -0.42871182576994 

C         0.30899665031826   -5.29296670727144   -0.06624196669474 

C         1.68042540109837   -5.56562480041462    0.23843352956223 

C         1.05577967698507   -7.95803973929186    0.73821491672907 

C        -0.16061499162528   -7.74958336923901   -0.17522013362657 

C        -5.75812520819284    6.11552018210623    0.28944239088309 

C        -4.37099979358608    5.84400462256705   -0.02192649645597 

C        -4.84698237637609    3.49318047667507    0.46406490856229 

C        -6.29625240616476    3.71824994797983    0.00981367212725 

C        -4.42025379611561    2.08228293922923    0.15141441838115 

C        -3.06684436139402    1.82263653756665   -0.26045723422035 

C        -3.75977810060389   -0.57603894981096   -0.51816721543057 

C        -4.77624966209236   -0.30695336983625    0.60239291306298 

C        -3.24851865734784   -1.98310239371302   -0.38042090058838 

C        -1.92209006214938   -2.30856762511213   -0.56741942477385 

C        -2.44146213477588   -4.66325977880620   -0.34362120073908 

C        -3.79965614178955   -4.32176344068811   -0.26564790349334 

C        -2.01571771252144   -6.03566453254667   -0.23703154118823 

C        -0.63334737503346   -6.31633564715733   -0.13318611932330 

C        -1.23324629295141   -8.72499475424090    0.20708535670011 

C        -2.52899897619412   -8.38254811952707    0.23045393275530 

C        -6.67525456226620    5.14318404751075    0.33327652004903 

C        -7.15181885239218    2.66012681512909    0.65785868341379 

C        -6.67638012549354    1.40300879431292    0.81396955380142 

C        -5.30016974908117    1.10033882338742    0.45895570478499 

C        -5.85809019991825   -1.35632980115740    0.59656886571732 

C        -7.13449228003217   -0.98708154347150    1.12339304705072 

C        -5.54543412269198   -2.63808615658004    0.23596505893199 

C        -4.19329205176606   -2.98619074447209   -0.14017458647855 

C        -4.83821864823202   -5.36034397151001   -0.34247120054126 

C        -6.19735794693910   -4.97024167779480    0.05637913064358 
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C        -4.37654296421849   -6.78914861669146   -0.26369433220683 

C        -2.95363586166511   -7.05892155377922   -0.08598398859828 

C        -7.50533944583948    0.30865238927388    1.25497155674284 

C        -8.02692372277117   -2.11591173701313    1.57679053911005 

C        -7.95508028783430   -3.29262663270644    0.58834019180285 

C        -6.52678104039952   -3.69306884312476    0.30777945439602 

O         8.40412575360105    2.17807287955271    1.74912528764087 

O        -3.02691545638266    7.50207937665936    1.07045688442643 

H        -3.79859691844641    7.49579243419124    1.64884486257771 

O         0.59056930235853   -7.90202246984828    2.07491262768586 

H         1.35353179576787   -7.84353451582461    2.66137554244063 

O         0.31170708370642   -8.04896133904650   -1.49734181477207 

H        -0.42671106744008   -7.94342742711794   -2.10845077450620 

O        -8.61280322620895   -2.87394127353419   -0.58985878682238 

O        -4.43192456891840   -0.50625495385431   -1.77266549187297 

H        -4.86051372412350    0.35914043786608   -1.84137723462995 

O        -4.06135167838541   -0.39731980843526    1.83844139572321 

H        -4.70325042124203   -0.35099898756056    2.55783122734565 

O        -4.86365113732722    3.61908871709053    1.89630589024398 

H        -3.96718752791482    3.46802836998721    2.21858218275289 

O        -6.45474488892832    3.50691614572410   -1.38677341811023 

H        -5.70725739805251    3.91635292696675   -1.86889660104718 

O         2.71711555290925    1.71883988630949    1.52331200895434 

H         3.45079076092249    1.73453648731154    2.14866419247516 

O         2.52939290899895    2.08702122125518   -2.07441272699847 

H         2.75152383658014    1.20558754005815   -2.42987503594896 

O         7.10887356812396   -2.27453782195946   -1.41057277230351 

H         6.90264978137536   -1.55602901950551   -2.02051987987698 

O         7.52730132265075   -2.57853768283533    2.16900631894398 

H         6.64970420274079   -2.51244058269517    2.56593039608218 

O        -0.09844419957604   -1.53551539631032   -1.98807711542353 

O         2.15433676634570    5.07608503342059    1.19120135837636 

O        -4.77113684911556   -6.20757089856851   -1.47520665431556 

O         4.31768686475923   -4.11915576181836    1.99425275412839 

O        -0.60209029019854    1.98847989780461   -2.11417602839621 

H         0.94834821177993    9.38839327384814   -0.94398328260739 

H         3.31673649619559    8.85233199398095   -0.75703721599464 

H         5.11795322716109    7.15195690121051   -0.56983093627505 

H         6.91504086962077    5.48228662252046   -0.44721862428433 

H         8.68825013859631    3.85837387521781   -0.10907637295159 

H         8.93050113473311   -0.86865167971229    0.25746992318271 

H         7.77932655785129   -5.68100254298663    0.81065755953160 

H         6.11817627132340   -7.47433018830949    0.76207064061171 

H         3.73417477130922   -8.24129371355524    0.79109790713178 

H        -1.41037444340937    8.64598767487572   -1.14131430843070 

H        -6.04463017900549    7.14747639890708    0.44262169926078 

H        -7.72148431551425    5.35432417414726    0.48525682749970 

H        -8.18166976840587    2.90124585167277    0.86559631485735 

H        -8.48383175948901    0.55305162120419    1.64046502320292 

H        -9.07081280802987   -1.77043939903430    1.61184443465332 

H        -8.49398442007125   -4.15581344618305    1.02362305927864 

H        -6.93939896729595   -5.75663221455287    0.06973770080772 

H        -5.06712960502185   -7.53726576833193    0.12059765347353 

H        -3.28774747898327   -9.11617742286681    0.46209977574085 

H        -0.90802306676947   -9.73375615876274    0.40288277513648 

H        -3.89854085535235    7.80240951005628   -0.78277542263217 

H         9.44136179728301    1.48227848043292    0.09401987327303 

H         8.58934478042800    1.40083470673626    2.28851131549180 
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H         8.37386569702918   -3.31056725700589    0.49657051940445 

H         1.46908760915973   -8.95573033873183    0.52021476149969 

H        -8.35480047142418   -3.45328333770759   -1.31565557456161 

O         8.32517131513545    2.70504389877568   -1.79425936193294 

H         8.00803399378812    3.42805053492056   -2.34684267053336 

O        -7.58123873110928   -2.49108024212325    2.86516142720105 

H        -8.13244572469095   -3.21036937941691    3.19263067398613 

O        -2.50893694594938    6.47964347207970   -2.36544543601238 

H        -3.13496305671505    5.73693042033586   -2.47542356639744 

Cl        3.90694327205887   -2.27410988106050   -2.89863353050165 

C         2.51673524346221   -1.61840446892174   -3.67288193963007 

N         2.30872873695083   -0.32903472659433   -3.50278803032663 

C         1.27803603834508    0.22546264387912   -4.12087466337045 

C         0.42089406481853   -0.47509090750111   -4.95664303953795 

C         0.63650071269981   -1.84279006628103   -5.09407154220722 

C         1.70007729020177   -2.43703739948729   -4.44054692217430 

C        -0.70065230138531    0.23785515790686   -5.67190020391829 

N        -1.77740097559933    0.59735469609464   -4.77385133127019 

C        -2.09566705858511    1.84501900902185   -4.43142998197665 

N        -3.13175227036783    2.03403124751539   -3.66946128953885 

C        -3.58406262918171    3.14884874841368   -3.23656111766877 

N        -4.10872272501192    4.07292689706937   -2.77033313531569 

C        -1.29687062216706    3.00018469982359   -4.96845069821264 

C        -2.47871331970950   -0.54391132578985   -4.23140228797742 

H         1.13929700205787    1.28003668959514   -3.92896254773792 

H        -0.01818421254405   -2.44058882542886   -5.71212766881131 

H         1.89931770740021   -3.49296623291528   -4.51976967928351 

H        -1.11377670109589   -0.42714036116288   -6.44098603483672 

H        -0.30359765914058    1.12623697674232   -6.16182573247909 

H        -1.33173565928705    3.03228195334174   -6.05727653003556 

H        -0.26273747745433    2.93341610626579   -4.63844403608096 

H        -1.71326775268509    3.92960115460995   -4.58422662530557 

H        -1.77679660501523   -1.18577889293781   -3.69726453141411 

H        -2.93888593783392   -1.11460500370523   -5.04108521884101 

H        -3.25056473119886   -0.21801630621212   -3.54102242035982 

Clothiamidin 

   23 

energy: -47.390845323166 gnorm: 0.000562301550 xtb: 6.3.2 (452493c) 

 C      0.959962     0.617504    -0.839874 

 C      3.046223     0.100056    -0.458190 

 C      0.910361     0.706795     0.517600 

 N      2.159604     0.276941    -1.363999 

 S      2.471214     0.337941     1.189985 

Cl      4.649111    -0.326718    -0.761927 

 H      0.139717     0.790073    -1.511738 

 C     -0.257384     1.065655     1.389625 

 N     -1.520809     0.797110     0.754090 

 C     -1.992273    -0.413095     0.408592 

 N     -3.158100    -0.604942    -0.183268 

 N     -1.277037    -1.507660     0.700514 

 N     -3.974636     0.371554    -0.553410 

 C     -1.677905    -2.845794     0.342664 

 H     -0.228265     2.135910     1.615306 

 H     -0.181424     0.529525     2.345075 

 H     -2.125652     1.563949     0.440094 

 H     -0.357147    -1.391206     1.092914 

 H     -1.005687    -3.257461    -0.412297 

 H     -1.661862    -3.487552     1.223984 
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 H     -2.686351    -2.794760    -0.058176 

 O     -5.015744     0.022135    -1.052645 

 O     -3.667456     1.558092    -0.397861 

GO-Clothiamidin 

180 

 energy: -358.949262363016 gnorm: 0.000339577079 xtb: 6.3.2 (452493c) 

C         8.01228786077762    3.32480089154709   -0.58294840497843 

C         6.58920799391233    3.68609090145819   -0.23705909248289 

C         8.43775079475999    2.02775818700825    0.11476700423885 

C         7.84438171986132   -0.36415834441215   -0.23344610327590 

C         4.40698290726346    6.69986392548749    0.21342771245919 

C         3.10475666790337    7.06072151460158    0.40198409666586 

C         4.84649967134766    5.34312112510361    0.13078324194133 

C         6.18780127187266    4.99580584391401   -0.12370133683660 

C         5.65289043588601    2.63470796244447   -0.10730213403336 

C         4.30937867549617    2.97319678047723    0.09959607865072 

C         6.05481622705592    1.26792139725879   -0.15268294648139 

C         7.44375898732209    0.91737728176171   -0.14117559738435 

C         6.89534673793834   -1.50500016616887   -0.46462242600160 

C         5.46704776863389   -1.12451196971547   -0.15248312934172 

C         7.34967928253548   -2.75114542055692    0.33002622982630 

C         6.65969800795098   -5.17228573106347    0.21465644785762 

C         1.32186912572553    8.73209058754584    0.40736007816932 

C         2.63222426081293    8.41436282980008    0.36213099178270 

C         2.08509910118168    6.03383399812876    0.67789497158532 

C         0.68336209763460    6.35019270458035    0.42817590558083 

C         2.51047666940611    4.57166994604177    0.56562843920670 

C         3.91727003596668    4.29072867129629    0.23282797156995 

C         3.25982252680580    1.92271296775051    0.30440833058135 

C         1.99475500986607    2.32437558973421   -0.46634354076165 

C         3.71525269672280    0.53839608413249   -0.05166537230780 

C         5.08695444839344    0.23894343998328   -0.14027863956091 

C         4.51658561065899   -2.10453152396378    0.04361979545620 

C         3.13312629215804   -1.81564670095825   -0.04900288933780 

C         4.93608433238731   -3.46532133036698    0.42994743240439 

C         6.33322924372213   -3.85970049520044    0.24740913564212 

C         5.67889581241212   -6.19950046230025    0.18935485882941 

C         4.34011443891036   -5.93397873427026    0.22209313690401 

C        -1.03886639359158    8.05217188905265    0.31890566801961 

C         0.27569672389149    7.73483060644701    0.38896565196550 

C        -0.24011800419374    5.33172992931701    0.31946551003550 

C        -1.63710954270921    5.61665364162107    0.31245993102577 

C         0.19181100223943    3.97430963711144    0.11204861809171 

C         1.49817883655912    3.62557452552942    0.11167134051013 

C         0.98078917100256    1.20852541573267   -0.40718515323372 

C        -0.41887761205898    1.59073404400683   -0.63098154687490 

C         1.37263411283794   -0.07780746941049   -0.31768375774551 

C         2.75835067760782   -0.45328972833676   -0.13585215187384 

C         2.15269298488892   -2.85064194866283   -0.09312983840364 

C         0.80023772222412   -2.55169058367081   -0.35673072882834 

C         2.51238308576669   -4.21276138157510    0.04433521931818 

C         3.88536271176352   -4.55333528148682    0.44026784949742 

C         3.31720333341995   -6.92497559934088    0.13333765391100 

C         2.00485689874465   -6.59823007308478    0.04072691849888 

C        -3.38009651010149    7.34409662611701    0.94440889492771 

C        -2.11924479577442    7.03021992845905    0.11496481554341 

C        -2.56162193347869    4.60378330922251    0.42154302246641 

C        -3.93075938850842    4.92090845464444    0.72547165844663 
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C        -2.20156086453647    3.24378253220146    0.14858402367620 

C        -0.83549254750285    3.00781480112031   -0.33205999559099 

C        -1.44844705689421    0.55767774957043   -0.47695093095507 

C        -2.72842783391825    0.87554558614692   -0.18871241420847 

C        -1.03043390955360   -0.82078153834244   -0.75000734155953 

C         0.42507765607937   -1.16178873424352   -0.64131700404216 

C        -0.17097484426882   -3.54970431880153   -0.44582360531486 

C        -1.56484098381387   -3.22825619134316   -0.53835687561017 

C         0.21411196014656   -4.92277286842462   -0.37415470540568 

C         1.58845834518460   -5.23159297331873   -0.12086390004538 

C         0.93610529682334   -7.64245235150710    0.21195177985793 

C        -0.27535748224567   -7.35469742679850   -0.68964223126906 

C        -5.73475718695283    6.43375162568293    1.28688980106370 

C        -4.35129203704035    6.18712163733201    0.94212106791849 

C        -4.87100396549222    3.80383347103179    1.09070077745467 

C        -6.30403134933127    4.11637499546509    0.65580620193354 

C        -4.46955082888505    2.43669945730982    0.60425167742991 

C        -3.11414822694951    2.21005331589503    0.18066154058085 

C        -3.82265816256393   -0.15148411666758   -0.34298841559122 

C        -4.87461008129415    0.01495931552693    0.76246165309267 

C        -3.32767838347298   -1.57207158808631   -0.32250586426249 

C        -2.00349763875480   -1.88966057430477   -0.52502107762224 

C        -2.53779454377373   -4.24841393126618   -0.56669751495714 

C        -3.89533639473248   -3.90391791326169   -0.47106026586503 

C        -2.11940936755380   -5.62707815436359   -0.59873914678302 

C        -0.73836687191263   -5.92710531612343   -0.52506603598561 

C        -1.35957572933755   -8.35013581117891   -0.39849276179256 

C        -2.65373427511050   -8.00256150239847   -0.35407299977325 

C        -6.66919271341065    5.48468463424158    1.17073822938220 

C        -7.19918543842334    2.99605806260821    1.12031457225020 

C        -6.75171756661488    1.71867027566597    1.12509778365662 

C        -5.37091818927522    1.43902976523006    0.77026885947314 

C        -5.96424718107111   -1.01478584597757    0.61261568956403 

C        -7.25535755711342   -0.68436113343234    1.12798086732105 

C        -5.64712946090581   -2.26019348538347    0.14326852954663 

C        -4.28500068363252   -2.58554270886763   -0.21588043697354 

C        -4.93762691951157   -4.91973737677126   -0.67935206282044 

C        -6.30784992649329   -4.55556910445568   -0.29242838630560 

C        -4.48428730104429   -6.35446465438244   -0.73075422431733 

C        -3.06647001180211   -6.65222343657064   -0.55153516278312 

C        -7.61275892272742    0.59377283202707    1.39706419386139 

C        -8.17809968455328   -1.84165004909722    1.42192771111007 

C        -8.07437503414504   -2.90902543335974    0.31838478116529 

C        -6.63894949280331   -3.30507619659233    0.06789645995215 

O         8.53002431512799    2.30668893764516    1.49800019904804 

O        -2.99622560353474    7.65375253919995    2.26964578750983 

H        -3.77433155622159    7.59315225693307    2.83575488232802 

O         0.47245676213064   -7.65840098078404    1.54999741110978 

H         1.23615867932441   -7.68912545691554    2.13749604837661 

O         0.20968751140560   -7.55348489346365   -2.02107239860796 

H        -0.48268799708986   -7.30379151770517   -2.64392350201780 

O        -8.66050028542077   -2.34842624821122   -0.83770490309444 

O        -4.42668777505157    0.03442802971385   -1.61939519531377 

H        -4.78693491966844    0.93011095250439   -1.66723103368682 

O        -4.19448775106016   -0.21774085421355    2.00092748066156 

H        -4.85724976970200   -0.27284266646265    2.70049400043104 

O        -4.90421480682532    3.74097615415818    2.52492739294177 

H        -4.02284958519187    3.49950563548483    2.83339303364131 
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O        -6.31500591329431    4.12852432183467   -0.77761708107556 

H        -7.17647061336197    4.44628800456345   -1.07136112335049 

O         2.85183558469685    1.89047351141735    1.67754417003352 

H         3.63929476172852    1.84428534038824    2.23191000411968 

O         2.33553762876160    2.52017599250268   -1.83703081618899 

H         1.50942271059112    2.68825517852379   -2.31456881522975 

O         6.95604913108797   -1.90909950227584   -1.83633125743214 

H         6.73682861623690   -1.15086156086488   -2.39130265221052 

O         7.58876629992861   -2.43139922334126    1.68489390237277 

H         6.74187060973412   -2.38610084437124    2.14612722682639 

O        -0.22080539770518   -0.97992527407302   -1.89525954722824 

O         2.30541166927471    5.20489487897839    1.79466298656448 

O        -4.84080822301074   -5.65056680548945   -1.88652707139626 

O         4.33105527142776   -3.92603828854556    1.62221525029494 

O        -0.66847660898898    2.53480429061877   -1.65564247808356 

H         1.01133581655375    9.76612596639750    0.40388769095458 

H         3.37910896333239    9.19277614329979    0.29939922551935 

H         5.14621887616818    7.47381309314753    0.05893116768500 

H         6.91858866323234    5.78749780941615   -0.21733341282166 

H         8.68971906894156    4.12579334308333   -0.24851790582557 

H         8.89140903657333   -0.62499352465199   -0.20850229674386 

H         7.69900162369219   -5.45672005324035    0.14624352795097 

H         6.01103302427139   -7.22165977545013    0.08430948729867 

H         3.62087157788577   -7.96171891131617    0.17236115106033 

H        -1.35985086998359    9.08178798678939    0.29899900054307 

H        -6.00669012268171    7.43433840318954    1.59486116095014 

H        -7.71296768077130    5.68661771670417    1.35707523274970 

H        -8.23323002684787    3.22615495089058    1.32753599539338 

H        -8.60037639581333    0.80815711299068    1.77731051752157 

H        -9.21897989993724   -1.48661652060548    1.44905259372747 

H        -8.64874692288951   -3.80137059411895    0.63088119527459 

H        -7.05590296242149   -5.33008211951067   -0.38935051915522 

H        -5.18845045933090   -7.13121921042332   -0.44009031754050 

H        -3.41929173262153   -8.74871136905275   -0.19747675229389 

H        -1.04399159598558   -9.37568820199685   -0.29658603457262 

H        -3.84753769836228    8.22109038005991    0.46737951635229 

H         9.42041590976020    1.73772956238789   -0.28659015877048 

H         8.76763801808640    1.49272476438749    1.95668990578238 

H         8.30988800875568   -3.07957270841338   -0.07880360966208 

H         1.33218350736402   -8.63077276724077   -0.06851818679487 

H        -8.41375036928501   -2.87740613713005   -1.60503139918718 

O         8.15750293996951    3.10547837164967   -1.97443686806270 

H         7.81019160627577    3.87129461215502   -2.44494461266063 

O        -7.79080089304237   -2.35353786820010    2.68129049757124 

H        -8.36441589516312   -3.09276521867060    2.91156638703521 

O        -2.57716880810609    7.14548145917926   -1.24359003251095 

H        -1.88031546460076    6.83660668529453   -1.83401509325383 

C         1.07372410114824   -2.79374669765216   -4.07499004962243 

C         3.07351581283031   -3.09508341230141   -3.25957517653654 

C         1.47765884215251   -1.49586082172269   -4.14329780215803 

N         1.97535367846766   -3.67213566518334   -3.57664106198476 

S         3.09591976769556   -1.35715109491063   -3.52862443211391 

Cl        4.43445325934626   -3.90232601597762   -2.66178472762368 

H         0.12247339975490   -3.17621621011964   -4.39421550821307 

C         0.73648562318735   -0.29640981493692   -4.65755762258509 

N        -0.22667667040409   -0.62487444470404   -5.67536789201523 

C        -1.44806627238093   -1.16040461056111   -5.50301543119468 

N        -2.26716268693287   -1.43247579958599   -6.51238298459135 
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N        -1.89739741790709   -1.42282411896988   -4.27529094192680 

N        -1.96321940571230   -1.27100437757221   -7.78525389703980 

C        -3.20747088702065   -1.95755476605161   -3.99224182891743 

H         1.45408224343697    0.40359293515270   -5.09274791680848 

H         0.24400321798932    0.21241661217791   -3.81961271922453 

H         0.03633541600108   -0.55849661882769   -6.66514917513933 

H        -1.29028797632190   -1.24824631415906   -3.48731113324628 

H        -3.12131671270535   -2.95043988115841   -3.54579858590660 

H        -3.73535732007334   -1.30358618884420   -3.29779671796390 

H        -3.75361105663585   -2.02654502956807   -4.92878449985053 

O        -2.84118286546871   -1.53796488307980   -8.57403710849040 

O        -0.84370808163028   -0.88200208466830   -8.14362040407067 

Dinotefuran 

   28 

energy: -45.929417588077 gnorm: 0.000712114586 xtb: 6.3.2 (452493c) 

 O     -3.934080    -1.782531    -0.042483 

 N     -3.380017    -0.723345     0.103112 

 O     -3.848199     0.254054     0.644460 

 N     -2.136200    -0.647852    -0.406861 

 C     -1.129875     0.357988    -0.304550 

 N     -1.601189     1.588165     0.015228 

 C     -0.805390     2.740594     0.368711 

 N      0.001224    -0.113910    -0.616441 

 C      1.261308     0.570366    -0.671087 

 C      2.372182    -0.479789    -0.788766 

 C      3.759690     0.173745    -0.908083 

 C      4.417603    -0.108979     0.458139 

 O      3.387121    -0.534205     1.321374 

 C      2.494696    -1.273828     0.521113 

 H     -1.772766    -1.516580    -0.785619 

 H      0.004776     2.880922    -0.342711 

 H     -0.387359     2.660555     1.377711 

 H     -1.452343     3.615507     0.331549 

 H      1.453757     1.175205     0.222863 

 H      1.294385     1.223005    -1.553475 

 H      2.143159    -1.137507    -1.627017 

 H      3.671293     1.245267    -1.085441 

 H      4.343407    -0.260179    -1.718136 

 H      4.885760     0.768150     0.906468 

 H      5.172280    -0.903064     0.359289 

 H      1.547848    -1.362543     1.051530 

 H      2.899549    -2.277814     0.325822 

 H     -2.553286     1.603647     0.365918 

GO-Dinotefuran 

185 

 energy: -357.493173698361 gnorm: 0.000274812066 xtb: 6.3.2 (452493c) 

C         7.87461749012215    2.98620844826035   -1.01667046457006 

C         6.48847471962286    3.37747022906024   -0.56909474617016 

C         8.34374163612334    1.68945636061716   -0.34803055957779 

C         7.67824349418152   -0.70118140560375   -0.49025374843183 

C         4.37895542223811    6.44306448361283   -0.11147390655270 

C         3.08946370290314    6.83247119496846    0.10338874640721 

C         4.79314097260664    5.07693412592387   -0.16309762564670 

C         6.11241143075039    4.69697503764587   -0.47943096127630 

C         5.55051502730108    2.34585317758432   -0.33510584319879 

C         4.22586067704784    2.71766704977985   -0.06790082826877 

C         5.93057692076502    0.97195970837652   -0.34143338060498 

C         7.30730632120053    0.59234525116498   -0.43894279393392 
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C         6.70199118838464   -1.84183097278052   -0.55212338798398 

C         5.30717763872654   -1.40527238738804   -0.17922867977933 

C         7.17848760566823   -3.02556900296227    0.32411809134255 

C         6.45297161289528   -5.44469733714643    0.37925412605297 

C         1.33682835051020    8.53339101102996    0.08919799362319 

C         2.64094278984895    8.19313102225364    0.03706805744871 

C         2.05776401245034    5.83303250404485    0.43526739679443 

C         0.65862757915147    6.16230109627511    0.18086668417233 

C         2.45973657708652    4.36227836356886    0.38264467076126 

C         3.85474039132908    4.04495389446616    0.02541899213883 

C         3.16585153327848    1.69702378835477    0.21517062886996 

C         1.89577224261563    2.08772322536872   -0.55198746372144 

C         3.59108217059509    0.28988484439885   -0.07705303358438 

C         4.95231700833998   -0.03698925382937   -0.20927977194599 

C         4.34790305340982   -2.35724550236924    0.09311189318389 

C         2.96831660731435   -2.04942383457291    0.02879967344331 

C         4.75888267412129   -3.70556648476183    0.52496816230894 

C         6.14732248526516   -4.12689052511042    0.33969198915730 

C         5.45665902623806   -6.45687045507341    0.42363850111647 

C         4.12124903230151   -6.17172373386979    0.45399437262376 

C        -1.03243042676310    7.89082699910038    0.01061005155177 

C         0.27553808685128    7.55220511396749    0.09769309161600 

C        -0.28434067508692    5.15886168174761    0.10045082610017 

C        -1.67599275115741    5.46721549881908    0.05788318146079 

C         0.12437628678331    3.78621873400803   -0.04997963008214 

C         1.42452251928222    3.41598685935117   -0.01983234920245 

C         0.86714777598864    0.99064135400376   -0.45431029969939 

C        -0.51851317693857    1.38829946908981   -0.73000898741879 

C         1.23610784058108   -0.29564508643713   -0.29864358757203 

C         2.61412222253420   -0.68614446934802   -0.09790714567041 

C         1.97253772048324   -3.06960857222674    0.03751450704572 

C         0.62422846997481   -2.75978289768703   -0.23475381034832 

C         2.31515533379457   -4.43021118707698    0.22514721482611 

C         3.69052914471436   -4.77543865802533    0.60854049813549 

C         3.08076826865978   -7.14833903452051    0.42530382513779 

C         1.77196792605825   -6.80478217117501    0.33348539504480 

C        -3.39624790047432    7.24509546691848    0.61408614458484 

C        -2.12766757192915    6.88402050443611   -0.18352392314921 

C        -2.62416632042450    4.47528739772575    0.16383765500253 

C        -3.99206288516945    4.82929221098311    0.42936949355932 

C        -2.28786659921828    3.09962942997040   -0.06324111726433 

C        -0.91123507943338    2.82222510339180   -0.48457130988006 

C        -1.57131309503105    0.37826322360700   -0.57972708402913 

C        -2.85527419619095    0.73039957124664   -0.34961651592597 

C        -1.16494700539670   -1.02037242946493   -0.76925081885651 

C         0.27934421314363   -1.37805100976963   -0.59524288565123 

C        -0.36184934270389   -3.74568806312743   -0.28494515862036 

C        -1.74717439139654   -3.40752168952508   -0.42679640921029 

C         0.00054937637783   -5.11991474839418   -0.13872462859164 

C         1.37225653592073   -5.44008391956573    0.11964863884155 

C         0.69016823110976   -7.82447889104858    0.55918012941266 

C        -0.53205899796229   -7.55639671045081   -0.33226362958405 

C        -5.76569118802522    6.38967689035369    0.96461854158952 

C        -4.38741059841871    6.10708535348084    0.62580481614665 

C        -4.96386948470236    3.73898132813482    0.79036619701133 

C        -6.38215641863851    4.08610089157309    0.33481723986143 

C        -4.58378294400640    2.35455931702147    0.33765064331463 

C        -3.22328042205763    2.08509952473685   -0.03704444198963 
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C        -3.96084795903100   -0.29106244668112   -0.48406347324223 

C        -5.03842764628891   -0.04823880721463    0.57642608697363 

C        -3.48449898997296   -1.71458865595860   -0.35562791369785 

C        -2.16050584166331   -2.06264411697132   -0.50532110634996 

C        -2.73526981448962   -4.41243703618768   -0.42522897194718 

C        -4.08934166459448   -4.04502273189278   -0.40008534344129 

C        -2.34097508359908   -5.79586230131635   -0.35885967766875 

C        -0.96766733556749   -6.11428364082198   -0.24098531726882 

C        -1.63072040546062   -8.51294937593767    0.02806045071288 

C        -2.91865118443279   -8.14109782903412    0.03468508233715 

C        -6.72088754768657    5.46127065802534    0.85510911575533 

C        -7.30922840411760    2.98784951756352    0.78281054111377 

C        -6.88849803654450    1.70191685408658    0.82419226849943 

C        -5.50759583525089    1.38098519888834    0.51045107373081 

C        -6.14028936855544   -1.06503808182032    0.44359338191351 

C        -7.44110938564079   -0.68761936876214    0.90160131325346 

C        -5.83131707941751   -2.34143771868062    0.05517481124368 

C        -4.46205915827765   -2.70853462555906   -0.23018793722972 

C        -5.14158187235453   -5.05568994762051   -0.58211369906622 

C        -6.51996207440589   -4.64607258613725   -0.27952940211685 

C        -4.71196652480666   -6.49849454328773   -0.50819706857217 

C        -3.30531265113949   -6.80151548482914   -0.26560930672991 

C        -7.78247915940180    0.60661217161509    1.10743210251699 

C        -8.39445193862212   -1.81854474391628    1.20560828643801 

C        -8.27661660461782   -2.91895262804484    0.12965061474006 

C        -6.84170501158470   -3.37150586099445   -0.01099314423997 

O         8.61885955307683    2.00129119120197    1.00512583312029 

O        -3.03459890434958    7.59536622450596    1.93604093925201 

H        -3.80640916839145    7.48403564620126    2.50290553261335 

O         0.24786758850406   -7.78238663674436    1.90420792297946 

H         1.02155875016742   -7.77618946706671    2.47925696125524 

O        -0.08346081874080   -7.82768203449522   -1.66710903229398 

H        -0.78924213213255   -7.58138345192793   -2.27681203032132 

O        -8.78276517222494   -2.46183080591188   -1.10431443108146 

O        -4.58794635867927   -0.11939678523620   -1.74736441064204 

H        -3.98683406403408   -0.44845591950764   -2.43465478176112 

O        -4.40094142057112   -0.23450976367684    1.84731119654143 

H        -5.08834708420897   -0.24332014172898    2.52482710006399 

O        -5.01918824779796    3.69850610786339    2.22765672310279 

H        -4.16207571168314    3.39367766181345    2.54800976097207 

O        -6.37491725249743    4.12410438400221   -1.09567178719988 

H        -7.26782605474616    4.32685177579683   -1.39722638117933 

O         2.77892157068451    1.74544602191611    1.59374255794841 

H         3.57153496012675    1.67401536322686    2.13784385435131 

O         2.21123962575385    2.24833910980727   -1.93726810707514 

H         1.36364783251122    2.38026895050229   -2.39041311714611 

O         6.66310913647658   -2.36582399156569   -1.87669997679417 

H         6.19443361720720   -1.71838296774442   -2.43643685660240 

O         7.45596822935813   -2.61412034077569    1.64650703994169 

H         6.61933948171563   -2.50068928065109    2.11453084201262 

O        -0.32048931832930   -1.25302063822619   -1.87598227249135 

O         2.28319576438169    5.05149196509857    1.58512331298885 

O        -5.01805965027854   -5.87913699647141   -1.72312849681450 

O         4.17132540123035   -4.10137586828652    1.74961328081646 

O        -0.71173527079733    2.30787068958536   -1.79289209360708 

H         1.04214381523798    9.57183839088823    0.06483233660618 

H         3.40053107407937    8.95661851053778   -0.05288430714211 

H         5.12556217461456    7.19883755406481   -0.31426606486511 
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H         6.84686996143720    5.47307451656865   -0.64847686661527 

H         8.59075654234344    3.77643773462039   -0.74312420567935 

H         8.71972888511197   -0.97717414063696   -0.56170952647088 

H         7.48656303589987   -5.74987169509910    0.31309727278605 

H         5.77346791559836   -7.48814799295127    0.37253375224665 

H         3.36692463456807   -8.18747373701791    0.50981954751147 

H        -1.33496463987148    8.92513379521561   -0.03611031891561 

H        -6.01304155070483    7.39869444828967    1.26648818074211 

H        -7.76000951482869    5.68711499358718    1.04019754598297 

H        -8.34426580269117    3.24195307807503    0.95820988445214 

H        -8.77672486061466    0.85303842228985    1.45062026413635 

H        -9.43068453728008   -1.44451211033491    1.20792920955273 

H        -8.91720133463345   -3.76649451935175    0.40372688721182 

H        -7.28168006784742   -5.40533816129329   -0.38019941189026 

H        -5.43876784571986   -7.23983996125690   -0.18163738854683 

H        -3.69914475768701   -8.86027209570678    0.23788059487546 

H        -1.33232621846119   -9.53248124103026    0.20981998767254 

H        -3.83910979386037    8.11460747457791    0.10062346429564 

H         9.26328961584493    1.36584050867099   -0.85985009966742 

H         8.84229828734659    1.18336576308521    1.46416318467725 

H         8.12462042621153   -3.39263841822013   -0.08387471552336 

H         1.06794025588699   -8.82942927893014    0.31290733795725 

H        -8.17338149886661   -1.80469748070422   -1.46299359961705 

O         7.89925793001417    2.76845733039137   -2.41858675099870 

H         7.58121469943227    3.56742908157596   -2.85383470886098 

O        -8.04387851355812   -2.30610415853434    2.48703810909629 

H        -8.60279671074414   -3.06166478922463    2.69909828606491 

O        -2.55895168230324    6.97546697025678   -1.55464574743677 

H        -1.86301908510327    6.62112497293273   -2.11964562545549 

O        -1.83075271545104   -3.22289477777198   -3.49849680768082 

N        -1.73941881920000   -2.06466472416081   -3.81254098644408 

O        -2.58752255564971   -1.21740601682065   -3.59631763901158 

N        -0.64753499217109   -1.72519686372870   -4.51005048053312 

C        -0.07068349181893   -0.43462908674838   -4.72412164471072 

N        -0.98669089927390    0.55366337105164   -4.84385460902771 

C        -0.73699464161805    1.96784030983896   -4.99347352849497 

N         1.18336084605794   -0.52426452910846   -4.86819798984562 

C         2.12675538103476    0.53520701622602   -5.08516732715564 

C         3.53193619424092   -0.00666607082054   -4.82538421829977 

C         4.64088115839733    1.04026870119590   -4.95835144245560 

C         5.76625238898012    0.42457219774955   -4.12745626913206 

O         5.14436558603207   -0.39983562679990   -3.14473516788004 

C         3.74279772921327   -0.44632579903470   -3.37788293985558 

H         0.06270135294058   -2.45084228307818   -4.54035319920417 

H         0.15509699778951    2.13971532876765   -5.58798029987117 

H        -0.63823653791189    2.46290001604147   -4.02323298551316 

H        -1.59050980103759    2.40241366650397   -5.51482624171880 

H         1.95748365816382    1.39070296294896   -4.41993955923860 

H         2.07583188094731    0.88317095867504   -6.12616936049992 

H         3.72128716356330   -0.84896091171765   -5.49582007567520 

H         4.30913268756277    1.97712471792950   -4.50765757676736 

H         4.94190870841396    1.22227460630750   -5.98754140525282 

H         6.38839940342862    1.16680580615521   -3.61884831445803 

H         6.41263117575099   -0.20952286996078   -4.74794390496362 

H         3.23909249836292    0.25568522655717   -2.70275373957560 

H         3.39088219709001   -1.45810457325572   -3.17218138086003 

H        -1.89855157246678    0.33631830464708   -4.45652640628117 

Thiamethoxam 



41 
 

   28 

energy: -56.776310766097 gnorm: 0.000520751057 xtb: 6.3.2 (452493c) 

Cl     -4.488859     0.182726    -0.846870 

 C     -2.974731    -0.295838    -0.276087 

 N     -2.346601    -1.333474    -0.686311 

 C     -1.154844    -1.484398    -0.065524 

 C     -0.849511    -0.536471     0.864121 

 S     -2.139803     0.631081     0.958273 

 C      0.393285    -0.360393     1.674227 

 N      1.319451     0.568797     1.032326 

 C      1.946917     0.258597    -0.136475 

 N      2.039395    -0.933777    -0.658451 

 N      2.146793    -2.098736    -0.038388 

 O      2.678480    -2.140366     1.061972 

 O      1.754193    -3.068823    -0.644980 

 N      2.473325     1.277292    -0.849475 

 C      3.234435     1.005745    -2.048087 

 C      1.997466     2.640208    -0.698210 

 O      0.916301     2.709007     0.171649 

 C      1.187383     1.979550     1.333874 

 H     -0.548920    -2.329425    -0.341041 

 H      0.894547    -1.316289     1.842098 

 H      0.152562     0.057122     2.653285 

 H      3.742070     0.052148    -1.934762 

 H      3.967245     1.800616    -2.182488 

 H      2.585546     0.953216    -2.925193 

 H      1.647403     3.021584    -1.664946 

 H      2.834386     3.270092    -0.339570 

 H      0.344667     2.138576     2.008201 

 H      2.119530     2.337847     1.803403 

GO-Thiamethoxam 

185 

 energy: -368.335050121608 gnorm: 0.000732879125 xtb: 6.3.2 (452493c) 

C         7.79334692803302    3.19885090604548   -0.54517236891960 

C         6.37567623226309    3.56248246881757   -0.18175818748915 

C         8.19284230978833    1.84193728230176    0.04318628045379 

C         7.52686822415684   -0.50222582661443   -0.44908288784023 

C         4.27043255404433    6.60991815342401    0.37078622473837 

C         2.97745138299742    6.99864658357423    0.56223754510202 

C         4.67350943920730    5.24544842015317    0.25187111058474 

C         6.00443381648794    4.87594020721595   -0.02010038150715 

C         5.41550079426670    2.52928926783741   -0.08034859110494 

C         4.08242708172482    2.89098334578566    0.15864052040039 

C         5.78213341891845    1.15744883491811   -0.19377053096792 

C         7.16173809979525    0.77804610347826   -0.25536654262709 

C         6.54417021811653   -1.60790162887065   -0.69630112708576 

C         5.13943992689875   -1.21684146629790   -0.29262567836208 

C         7.00109472416183   -2.90018827326041    0.02324756934789 

C         6.25914015165660   -5.29287209730189   -0.28700762002789 

C         1.24090666766525    8.71503731342001    0.58904345471192 

C         2.54281740137419    8.36515065315503    0.55375183841907 

C         1.93074943199116    5.99059760789189    0.80653904896712 

C         0.54136701119241    6.34832980196189    0.54403228275716 

C         2.32020928616887    4.52006427378153    0.67189428941295 

C         3.72027199894989    4.21247981233403    0.33273947223172 

C         3.01103631261418    1.85907865783502    0.35111257419736 

C         1.74850178210879    2.30223428768225   -0.40045651397794 

C         3.42984373617755    0.47261053029721   -0.03862820571250 
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C         4.79024622724572    0.15097623708720   -0.19328499545344 

C         4.17750665296486   -2.18737213028738   -0.10302564857074 

C         2.79711734172244   -1.86920966710645   -0.11092000440837 

C         4.58662024507497   -3.57954522915106    0.16462595985407 

C         5.96556357113429   -3.98452850505983   -0.11728641491014 

C         5.25416581427148   -6.29639607696122   -0.33955719260950 

C         3.92863159159212   -6.01272724023884   -0.18881854083658 

C        -1.13091516467649    8.09996904701815    0.43622697885696 

C         0.17202268263267    7.74438994423906    0.52692542536003 

C        -0.40768621345262    5.35834899321214    0.39843340352699 

C        -1.79560835140054    5.68343781756972    0.36535860001446 

C        -0.01012956354496    3.99190456337643    0.17816104223864 

C         1.28658411921592    3.60770311225180    0.19487455549067 

C         0.70793390352369    1.21018323054372   -0.35420419579641 

C        -0.67479311800394    1.63369984397999   -0.60703865241961 

C         1.06633858203704   -0.08688821353112   -0.27938431611972 

C         2.44787391125759   -0.49713022079324   -0.11895142902633 

C         1.79253403236769   -2.88201469028215   -0.16825268943578 

C         0.43815571804580   -2.54690242848125   -0.38013619285369 

C         2.12914575736260   -4.25550708763556   -0.11794055259496 

C         3.51845934142380   -4.64427004249827    0.15866222994499 

C         2.88197390242232   -6.98063768471804   -0.24290569017537 

C         1.57362675928371   -6.62887271527944   -0.18978553508851 

C        -3.50135072890096    7.45271296431489    0.99813119928700 

C        -2.23360469369621    7.11366311527882    0.18801345466151 

C        -2.75108670762627    4.69609951079038    0.43363015793521 

C        -4.11349154519985    5.04944213376324    0.72548709663495 

C        -2.42485197202619    3.32899423479504    0.14917344137050 

C        -1.05446921872229    3.05877602490655   -0.30044337592518 

C        -1.73534542653813    0.62501918818275   -0.49686045094694 

C        -3.01013608570290    0.97731825254766   -0.22091312643818 

C        -1.34600573862025   -0.76344509281244   -0.78515127147883 

C         0.09680156830759   -1.14160551460293   -0.64369531072928 

C        -0.55828206168375   -3.52058523978688   -0.46987314670706 

C        -1.94412785189258   -3.16137505955172   -0.55531227157881 

C        -0.20752292045356   -4.90592827298848   -0.41366086566384 

C         1.17285774332722   -5.24904825562151   -0.25434983599867 

C         0.51046555862339   -7.65948458383945    0.06513603880741 

C        -0.80389986823727   -7.33842454994261   -0.65713012496608 

C        -5.87249892696553    6.60022720428716    1.33297797349525 

C        -4.49877305093719    6.32144910386678    0.97265343258804 

C        -5.08741945232426    3.95321878990602    1.05964449988873 

C        -6.50833676194472    4.32273685038762    0.63024767576443 

C        -4.71938542615644    2.58373802035912    0.55512967125918 

C        -3.36510006818392    2.32014325497333    0.15434307668835 

C        -4.12752698334879   -0.02316165855051   -0.38818090871309 

C        -5.18778175802932    0.17691160132211    0.69857652126583 

C        -3.66415217179022   -1.45817096577661   -0.35206744625864 

C        -2.34774753059103   -1.81062001825397   -0.56202842595889 

C        -2.94375408476635   -4.15684885789410   -0.56289186780294 

C        -4.29319791705396   -3.77804146442666   -0.47648826354386 

C        -2.56446186754438   -5.54638011380734   -0.55197130027055 

C        -1.19163366104081   -5.88627051051512   -0.50505858950701 

C        -1.87918990868633   -8.26967948927456   -0.17618753320226 

C        -3.16071814781287   -7.88177883291585   -0.12173094463085 

C        -6.83428136061478    5.68199543615499    1.19887482224757 

C        -7.43580113117893    3.21532870411781    1.05356607518618 

C        -7.02200741553870    1.92660192162474    1.04535997273095 
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C        -5.64753197073524    1.61040811677808    0.70110749903254 

C        -6.30047683400398   -0.82492149328948    0.55035185566060 

C        -7.58732858494105   -0.46054847788776    1.05241088160748 

C        -6.00671174924190   -2.08451809592896    0.10542912225499 

C        -4.64932296752358   -2.44690226442736   -0.23912605596906 

C        -5.35855929977034   -4.77391901842522   -0.65948389841405 

C        -6.72182023219078   -4.36889188567988   -0.29699075588434 

C        -4.94398879417855   -6.22175725034752   -0.63778866798117 

C        -3.53787038999786   -6.54210494976454   -0.43444192818400 

C        -7.91636048336666    0.82734060597041    1.30855434108541 

C        -8.54185438605033   -1.58948059701592    1.35442643337987 

C        -8.45245678470058   -2.67745958213977    0.27181434063096 

C        -7.02406617162605   -3.10490499737799    0.03889293556072 

O         8.33061741732270    2.01537281198058    1.44142578857390 

O        -3.14025075097256    7.75749069233060    2.33171228080253 

H        -3.90097875587289    7.59061342329703    2.89993968350489 

O         0.22170853664320   -7.71481255965083    1.45196592280913 

H         1.05548535969601   -7.74230885620301    1.93509534786650 

O        -0.55139058404006   -7.61540484409327   -2.04160213010386 

H        -1.35268857207524   -7.41721818855714   -2.54070469799449 

O        -9.02643177940777   -2.13341923902145   -0.89890632609518 

O        -4.77525016153436    0.22765284886568   -1.63207421247678 

H        -4.11626210314831    0.18119403319568   -2.33506670074448 

O        -4.52684113196696   -0.06928806711590    1.94706231668957 

H        -5.20100217636914   -0.10390841094263    2.63698866448115 

O        -5.12803978977451    3.86428547366310    2.49506235090708 

H        -4.26867199944465    3.54671293791694    2.79652470481407 

O        -6.51490557188178    4.40729670258341   -0.79780371599926 

H        -7.41575994333836    4.59385700215269   -1.08589400166813 

O         2.60889102380945    1.81454248961641    1.72500986006769 

H         3.39523638336346    1.70370104776019    2.27177675903062 

O         2.06587066529850    2.50830483483604   -1.77882304810730 

H         1.23033328476159    2.74109035947708   -2.21334838376695 

O         6.53585556345218   -1.95553364576989   -2.07266395869409 

H         6.37650971621433   -1.16464194049720   -2.62711800027359 

O         7.26030856802042   -2.66492932950691    1.39216255258354 

H         6.42006544073708   -2.65073564848626    1.86720180683550 

O        -0.51282070550123   -0.92918856454456   -1.91181261121104 

O         2.12166056496869    5.13681190263893    1.91005043274820 

O        -5.27351143404509   -5.56459617962129   -1.82923012474697 

O         4.04184499613917   -4.11324677985345    1.35731700100961 

O        -0.86589242460658    2.59847212146149   -1.62837991932300 

H         0.95512850866457    9.75600491889860    0.60896622956714 

H         3.31140658610559    9.12413323791395    0.52193521500693 

H         5.03043741506195    7.36786079281968    0.23915524732421 

H         6.75253375924348    5.65381708009887   -0.09150332481045 

H         8.48057792623485    3.95629108827672   -0.13384753104079 

H         8.56769681788093   -0.78391033181954   -0.49829334486570 

H         7.28606470866012   -5.58968156442032   -0.43697049724717 

H         5.55524142367689   -7.31215655802272   -0.54775708576700 

H         3.16467124751850   -8.02320067944814   -0.28588248976154 

H        -1.42341197979464    9.13814181652714    0.43529475010147 

H        -6.11052913031276    7.59977849978614    1.67135396087751 

H        -7.87054161044832    5.90802204741965    1.39882047232821 

H        -8.46645341583650    3.46885311588953    1.25309057778902 

H        -8.90221419010835    1.06798537860663    1.67837600644682 

H        -9.57403131553493   -1.20867988154963    1.36421608523609 

H        -9.04402894448829   -3.55423625557866    0.59767557909505 
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H        -7.48745462076700   -5.12692297530571   -0.38763031289828 

H        -5.67112415805402   -6.96370554247692   -0.31465256315536 

H        -3.94138031253951   -8.58059325243285    0.14206810675829 

H        -1.57931281038624   -9.28393083736039    0.02758321100464 

H        -3.93817807759326    8.34181303486849    0.51408758282665 

H         9.15504952937227    1.55539706266509   -0.40629155586692 

H         8.54788262243831    1.16122741621678    1.83209674207245 

H         7.95054999252645   -3.21517454901555   -0.41884909039426 

H         0.85074628887629   -8.64439196239978   -0.29236153222929 

H        -8.73045183255410   -2.64463857416627   -1.66055307331155 

O         7.95746988883434    3.10281263900151   -1.94657873178372 

H         7.53586702306928    3.86227048846809   -2.36292708427359 

O        -8.18226567303260   -2.08977261705682    2.62716752683452 

H        -8.77168138713850   -2.81626915586681    2.85832863554154 

O        -2.65875184457328    7.27183774351568   -1.17805332889367 

H        -1.97039340690811    6.92536946536953   -1.75714848373098 

Cl        1.52833589906693   -6.24944406736601   -3.56888469360206 

C         2.24098700172589   -4.72797716648613   -3.42443583510018 

N         3.47936729143456   -4.53897108456389   -3.15361536614711 

C         3.79126297754063   -3.22366979851825   -3.10733462289481 

C         2.76000332908026   -2.36345637479904   -3.33553292043686 

S         1.29728331982096   -3.26181811896207   -3.63350173629708 

C         2.75663896380098   -0.87123815883458   -3.29949005079221 

N         2.36877987975224   -0.25597399584120   -4.55799060064501 

C         3.17120719871982   -0.20565481514228   -5.63927969055079 

N         4.34101472570323   -0.79091687633995   -5.76061679429427 

N         5.33412305932674   -0.96590313248203   -4.93088442392213 

O         5.46084224898338   -0.22157386815329   -3.94866826256917 

O         6.14071187518648   -1.81714220336553   -5.21867253456906 

N         2.69297840948876    0.39307354943042   -6.75336238690156 

C         3.46676584213010    0.46636755023596   -7.97009967405576 

C         1.32363099867917    0.85818197151143   -6.80791138894086 

O         0.51589254686515    0.11394091326961   -5.95410563489002 

C         0.98711920215576    0.19406357146180   -4.64738453870057 

H         4.81229384068801   -2.95782283053729   -2.89252919964513 

H         3.74560430572643   -0.50660889948862   -3.00372312447847 

H         2.03371954564230   -0.51834823400617   -2.56431212917167 

H         4.42456403429337   -0.01674931349953   -7.80139715729862 

H         3.62312964753729    1.51010534295822   -8.24883445660725 

H         2.94328696334605   -0.04707073571306   -8.77826613578727 

H         0.93418845546979    0.71430927045408   -7.82046880362515 

H         1.28292110482910    1.93366152435304   -6.54905994206019 

H         0.35139242977411   -0.45638299151837   -4.03915925045031 

H         0.92405278562120    1.22986843687742   -4.26654606124999 

Imidacloprid 

   27 

energy: -51.588458724709 gnorm: 0.000984000781 xtb: 6.3.2 (452493c) 

 O      3.943312    -2.506016     0.087307 

 N      3.075324    -1.687519    -0.045877 

 O      1.947792    -1.880507    -0.413060 

 N      3.417302    -0.412442     0.313066 

 C      2.706032     0.733527    -0.060041 

 N      3.305187     1.684449    -0.661283 

 C      2.335198     2.734534    -0.888126 

 C      1.016742     2.226347    -0.254820 

 N      1.374717     0.884681     0.186344 

 C      0.595768     0.258247     1.227421 

 C     -0.821501     0.058846     0.760998 
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 C     -1.882323     0.748190     1.330277 

 N     -3.135804     0.613839     0.933417 

 C     -3.387938    -0.214703    -0.056342 

Cl     -5.035132    -0.345470    -0.530647 

 C     -2.414059    -0.962050    -0.710592 

 C     -1.107129    -0.815773    -0.286554 

 H      4.418821    -0.262945     0.385946 

 H      2.240120     2.893913    -1.963948 

 H      2.698389     3.661618    -0.439128 

 H      0.195758     2.181626    -0.973983 

 H      0.700949     2.835356     0.599626 

 H      0.601997     0.885731     2.131754 

 H      1.037200    -0.709595     1.469149 

 H     -1.732609     1.439757     2.148942 

 H     -2.679591    -1.628610    -1.514025 

 H     -0.307401    -1.372314    -0.750363 

GO-Imidacloprid 
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 energy: -363.147895026061 gnorm: 0.000266511473 xtb: 6.3.2 (452493c) 

C         8.04856605992196    3.05154488589616   -0.58627123124412 

C         6.62801774509866    3.42109033837799   -0.23850771757710 

C         8.45843412887784    1.71485332455686    0.03997156130885 

C         7.79854892459309   -0.65273121015974   -0.33134096186821 

C         4.49866293068908    6.47493715289804    0.18782351854989 

C         3.20056010899449    6.86103735948714    0.34795806888029 

C         4.91169540455846    5.10992750188468    0.11463573266903 

C         6.24797076658752    4.73761048349733   -0.12715779355853 

C         5.67366577386924    2.38577213644285   -0.10900803568190 

C         4.33532646571542    2.75020228926378    0.09401622837726 

C         6.04868296953319    1.01227663939726   -0.15860418723443 

C         7.42931011189104    0.63475120920578   -0.20198517346835 

C         6.81527292208992   -1.77118776730926   -0.53660136793475 

C         5.41573301391707   -1.36749667348127   -0.14527685216425 

C         7.28865154038149   -3.04018753215117    0.20783557028788 

C         6.54200597663225   -5.44505901522001    0.15449709511243 

C         1.45398809602602    8.56679494618105    0.30457393262631 

C         2.75842088882825    8.22436203239745    0.30081876631189 

C         2.15398327480694    5.85378721127405    0.59849823700006 

C         0.76779306572646    6.19573135739876    0.29839725893267 

C         2.55346712656289    4.38398879687152    0.51214722930396 

C         3.96268801986943    4.07483469382417    0.21225803886259 

C         3.26252164175400    1.72263541747402    0.30013795880335 

C         2.02027745115212    2.13220274853361   -0.50232557881378 

C         3.69725694956593    0.32356779229380   -0.01803063868699 

C         5.06242808536061    0.00216620807917   -0.11857583974408 

C         4.45222816434797   -2.33197336754297    0.06023139810169 

C         3.07298683792428   -2.01962929363642    0.00174027019325 

C         4.86250531512117   -3.70278790556479    0.41999590773444 

C         6.24270554691593   -4.12528373975876    0.18220885610467 

C         5.54284625621402   -6.45388795996969    0.18377619549714 

C         4.21109884477846   -6.16254000852097    0.26137464493988 

C        -0.91097145056443    7.93480383335349    0.11690147331709 

C         0.39169634645040    7.58887022384422    0.24219842494467 

C        -0.17328368560269    5.19713934425992    0.15856266069239 

C        -1.56223798775968    5.51334287492659    0.08681122700325 

C         0.23606590725532    3.82721797508193   -0.01736924464431 

C         1.53492157108759    3.45246138045555    0.03804632641686 

C         0.98252239022913    1.03678080214415   -0.44798449136497 
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C        -0.39858358031136    1.44175027866734   -0.74341767921561 

C         1.34541606200852   -0.25294306949601   -0.29880644656235 

C         2.72129218336416   -0.65117229942697   -0.08956912894628 

C         2.07447388258446   -3.03805866594682   -0.01654608588305 

C         0.72621206341852   -2.71828019053711   -0.27644777810381 

C         2.41228600917270   -4.40482605347567    0.13042667739285 

C         3.79176549645530   -4.77035917398533    0.47876211654342 

C         3.16588263473018   -7.13345594406201    0.23101500236457 

C         1.85816587157157   -6.77935949573888    0.18044874167313 

C        -3.29273045467024    7.28910248425087    0.62899107548759 

C        -2.00190328091373    6.93690230584914   -0.13675144750884 

C        -2.51478114697272    4.52295610021868    0.15554232614566 

C        -3.88668316200355    4.87711314045144    0.39958850061194 

C        -2.17636497369465    3.14980776224022   -0.08457314988145 

C        -0.79339604120224    2.87410213777543   -0.48950782239657 

C        -1.45752393753151    0.43256597729676   -0.61894703910804 

C        -2.74434611529842    0.78481928854367   -0.40209283651728 

C        -1.05205044214806   -0.96567816555112   -0.81692472989829 

C         0.38924529563915   -1.33050287385760   -0.61677902352692 

C        -0.26346020536746   -3.69848906337084   -0.35989876113313 

C        -1.64653502015412   -3.35226173012320   -0.51431136106878 

C         0.09224891741088   -5.07735371872295   -0.24006154142412 

C         1.46368688038665   -5.40736056995025    0.00736256770162 

C         0.77329336990936   -7.79460281535512    0.40692531517959 

C        -0.45235796297740   -7.51161172062122   -0.47332495456320 

C        -5.67009250627626    6.43523234412152    0.91115610249388 

C        -4.28472565145712    6.15319312018107    0.60169929430956 

C        -4.86652621181047    3.78619733466033    0.73393751269241 

C        -6.27548474777716    4.13631455766089    0.25205528829534 

C        -4.47861806668731    2.40433931804267    0.28060902863805 

C        -3.11363945700030    2.13701762324543   -0.08023305747420 

C        -3.85627514646016   -0.22781155731365   -0.56173436373484 

C        -4.94015551197691    0.00072030059819    0.49774038587222 

C        -3.38236432430610   -1.65466035985455   -0.45113546433352 

C        -2.05667928455731   -2.00567101330450   -0.58361046513659 

C        -2.63804778766902   -4.35474132076890   -0.53909360857259 

C        -3.99139253013024   -3.98299037545460   -0.52116842409394 

C        -2.24993973571798   -5.74121703906005   -0.49008840092608 

C        -0.87861162743963   -6.06689603725037   -0.36561503525849 

C        -1.55543659142676   -8.46426131234063   -0.11783118271927 

C        -2.84186458229052   -8.08744456404296   -0.12508085352872 

C        -6.62407575538044    5.50962737546244    0.77201734168304 

C        -7.21082148150717    3.03719600376160    0.67929253973114 

C        -6.79148671988092    1.75100951872593    0.72726270780431 

C        -5.40542342558051    1.43089667169907    0.43712012130803 

C        -6.04461284627147   -1.01089925937533    0.34121961596680 

C        -7.35079387698809   -0.63774652930700    0.78287892621897 

C        -5.73323111304791   -2.28117879400835   -0.05994837557802 

C        -4.36307990313512   -2.64739804736114   -0.34111442712626 

C        -5.04376383301242   -4.98851978451719   -0.72809665608141 

C        -6.42202403889304   -4.58077059135507   -0.42516848864011 

C        -4.62091093703314   -6.43217909703905   -0.67644360221761 

C        -3.21903949701546   -6.74437804324064   -0.42190354227914 

C        -7.69169439457137    0.65598278206828    0.99070552528084 

C        -8.31586704181906   -1.76127561112771    1.07336293434981 

C        -8.17926968416540   -2.87949271072248    0.02555647602051 

C        -6.74249239676771   -3.30894050588142   -0.13735408297122 

O         8.62100268884730    1.94003922970666    1.42827877281836 
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O        -2.97011622624536    7.62510129668576    1.96522687552133 

H        -3.74817032479931    7.47338702846973    2.51392674340466 

O         0.34009851746248   -7.75935109611012    1.75509688196864 

H         1.11769518986427   -7.74939189211646    2.32479115467979 

O        -0.01411114496983   -7.77343370383942   -1.81463523411269 

H        -0.75141831801030   -7.59517901584976   -2.41015897208832 

O        -8.70921269497844   -2.37522422721007   -1.18384572682676 

O        -4.48916716838230   -0.02286631296797   -1.81044533370535 

H        -3.88271050207726   -0.29329257592914   -2.53415446057327 

O        -4.32069544610223   -0.20163006080407    1.77459930585053 

H        -5.01702430389290   -0.20938232226300    2.44299357321398 

O        -4.95014939288548    3.73872954447793    2.16999297746056 

H        -4.10096413743876    3.42750819385684    2.50496902224720 

O        -6.23985029430188    4.18306277079795   -1.17712882031609 

H        -7.14003967384931    4.30584616157304   -1.49938705143975 

O         2.82485658104872    1.73203283718816    1.66407614005725 

H         3.59696999400428    1.64275825140201    2.23448082388061 

O         2.38784363796578    2.30135440387867   -1.87671825696188 

H         1.58255258020215    2.59517358145593   -2.32985944219504 

O         6.78547427909310   -2.13151488756745   -1.91761305439892 

H         6.30591478620756   -1.43549893660589   -2.39231637149942 

O         7.62472636231876   -2.74826194327801    1.54997486959380 

H         6.80831998025995   -2.65710055775823    2.05694176710796 

O        -0.18744142305123   -1.19329915979550   -1.90273753275311 

O         2.32677921013998    5.03232507018848    1.72944325325063 

O        -4.91264119639101   -5.79076687412431   -1.88624603451108 

O         4.29822852859870   -4.14861901230964    1.63886390108155 

O        -0.57113506513095    2.37441586119908   -1.79931166196282 

H         1.16217921863737    9.60629170775077    0.29724090269316 

H         3.52299326563014    8.98739927681670    0.26721556073805 

H         5.25659963266669    7.23381254237773    0.04924000974590 

H         6.99318927563751    5.51675489832948   -0.21561549827637 

H         8.73400927367613    3.82162431350283   -0.19777151165599 

H         8.84008370933064   -0.93434868103314   -0.36010704223930 

H         7.57234385104034   -5.75023812646255    0.04895132735149 

H         5.85203796617750   -7.48399812138788    0.08535150954446 

H         3.44788392281408   -8.17593573850394    0.27978053523177 

H        -1.20907589821739    8.97098525469241    0.08836077145938 

H        -5.92236078998949    7.44288896630926    1.21349087782520 

H        -7.66704357640135    5.73744011762591    0.93104891640754 

H        -8.24894790906607    3.29175173818606    0.83472001795594 

H        -8.69179409900592    0.90366911829565    1.31527644471063 

H        -9.34821628753339   -1.38316075409936    1.02698825702208 

H        -8.78258718905211   -3.74824377437162    0.35177301020554 

H        -7.18141259133929   -5.34383949307465   -0.52606510132271 

H        -5.35400720710121   -7.17689094990255   -0.37303130935092 

H        -3.62770243363385   -8.80316343566473    0.06954709786321 

H        -1.26224601228082   -9.48442608812309    0.06843196062756 

H        -3.71929414923137    8.16547165274502    0.11354913429069 

H         9.41540408976016    1.41588795187732   -0.41395867286502 

H         8.82838561869934    1.09722211553624    1.84795800737830 

H         8.21200283518345   -3.38523848777566   -0.26656756095719 

H         1.14357470587326   -8.80013649326368    0.15156114426302 

H        -8.29674031770571   -2.83364453685646   -1.92445498679524 

O         8.20618515113479    2.92018726926324   -1.98799154383158 

H         7.88214689955112    3.72472130987573   -2.40766912848820 

O        -8.01370830278788   -2.22615403625986    2.37447264401913 

H        -8.60824308789564   -2.95188524765232    2.59470725964614 
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O        -2.38936365565210    7.06115014800238   -1.51829936709156 

H        -1.68109076076080    6.70843080173207   -2.06868709073132 

O         4.87247568989321   -0.12493723562484   -2.98154550565609 

N         3.85632764126575   -0.10046117701674   -3.63662222433889 

O         2.99024100375153   -0.93020180715374   -3.63661534313816 

N         3.71041222722869    0.99038878705491   -4.42793681583665 

C         2.87056456186477    1.07499930859908   -5.54418793270892 

N         3.35675598711379    1.44565955136318   -6.66436585416932 

C         2.27360444779527    1.45852863566170   -7.62453478497425 

C         1.00752649928907    1.05970799562608   -6.82690712221302 

N         1.54611477963279    0.75749673130083   -5.50746028503110 

C         0.67856600131469    0.84476292946883   -4.36227855560721 

C        -0.39811815209768   -0.20142989038760   -4.36893610544054 

C        -1.67041104281868    0.09720294643785   -3.90472485450311 

N        -2.60978743293835   -0.81815281883003   -3.72928241060708 

C        -2.33192450993129   -2.06937906896890   -4.03795665401546 

Cl       -3.57647937698657   -3.21788660286922   -3.72567865330538 

C        -1.11441589500320   -2.47887790691108   -4.56456187500009 

C        -0.12861349968408   -1.52225929494285   -4.71549324756731 

H         4.54507025383919    1.56378072113528   -4.49703790832991 

H         2.50287290846769    0.74297797927593   -8.41694759882419 

H         2.20398589488860    2.45110030619496   -8.07526875266998 

H         0.50828283328597    0.18173655004013   -7.24262239649948 

H         0.27982335285971    1.87654076811135   -6.76086834203243 

H         0.21530941249044    1.84143196133216   -4.30488575927224 

H         1.27133349998764    0.68400672614442   -3.45915549704962 

H        -1.94291866257921    1.10411098876794   -3.61712738576712 

H        -0.94184231501442   -3.51481879441043   -4.80527926661336 

H         0.85764558565134   -1.79642596818261   -5.05624232821907 
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Membrane separations are considered to be sustainable technologies because of their relatively low energy

consumption. However, the fabrication of membranes is yet to turn green. Thin film composite (TFC) mem-

branes are fabricated from petroleum-based monomers and solvent systems, which can undermine the

energy-saving benefits of their application in separation processes. Here, we report high-performance TFC

membranes fabricated solely from sustainable resources such as plant-based monomers (priamine, tannic

acid), green solvents (p-Cymene, water) and recycled polymer waste (PET). We found that the ultrathin

selective layer (30 nm) of the hydrophobic membrane exhibited excellent performance, and an acetone

permeance as high as 13.7 L m−2 h−1 bar−1 with a 90% rejection of styrene dimer (235 g mol−1). Stability in

six solvents and long-term continuous nanofiltration over one week demonstrated the robustness of the

membranes. Control over the selectivity of the membrane (cut-off between 236 and 795 g mol−1) was suc-

cessfully achieved by changing the conditions of the interfacial polymerization.

Introduction

The potential of membranes for energy-efficient separations
has long been recognized, albeit slowly realized. From a
technology viewpoint, membranes provide a sustainable solu-
tion for separations, which account for 10–15% of the global
consumption of energy. There has been a significant effort to
develop novel membrane materials that can achieve separ-
ations faster and more selectively. However, most of the exist-
ing methodologies use petrochemical-based monomers, poly-
mers and toxic solvents. Tackling the sustainability issues of
membrane materials and membrane fabrication is an emer-
ging area of research. Recent efforts in biomass conversion
resulted in the availability of new building blocks and solvents,
which can potentially be used for preparing membranes.

Thin film composite (TFC) membranes, consisting of an
ultrathin selective layer (less than 50 nm), often on top of a
porous polymer support (approx. 100 μm), have been extensively
used in diverse separation processes, due to their high per-
meance and permselectivity, excellent chemical and physical
stability.1,2 In particular, solvent-resistant TFC membranes for
organic solvent nanofiltration (OSN) were first reported by
Livingston et al. almost a decade ago.3 Those TFC membranes
are fabricated with an ultrathin polyamide selective layer on a
crosslinked polyimide porous support via interfacial polymeriz-
ation (IP) of m-phenylenediamine (MPD) and trimesoyl chloride
(TMC). At the end of the IP reaction, unreacted amine and acyl
chloride groups remain in the polyamide selective layer.4 In
addition, the undesired hydrolysis of unreacted acyl chloride
groups takes place due to the presence of the aqueous MPD
solution.5 This side-reaction results in the formation of car-
boxylic acid groups in the selective layer.6 The unreacted amine
and the converted carboxylic acid moieties endow the mem-
brane with a hydrophilic nature. These membranes exhibit high
permeance for hydrophilic solvents and low permeance for
hydrophobic solvents. The latter solvents are often used in the
pharmaceutical, paint and petrochemical industries on a large
scale. Therefore, there is a need to develop different strategies
to obtain hydrophobic membranes that are suited for separ-
ations in non-polar solvents as well as their recovery.

A few studies on the fabrication of hydrophobic TFC mem-
branes have been reported.7–10 For example, monoacyl chlor-
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ide- and monoamine-functional monomers containing fluo-
rine groups were used as co-monomers with MPD and TMC to
enhance the hydrophobicity of the selective layer.7,8 These
membranes exhibited a water contact angle higher than 90°,
which improved their permeance for non-polar solvents
without sacrificing their selectivity. The molecular weight cut-
off (MWCO) remained approximately 235 g mol−1 but the
obtained permeance was still very low (0.3 L m−2 h−1 bar−1).
Zhang et al.9 recently reported a crosslinked polyacrylonitrile/
polyethyleneimine-polydimethylsiloxane TFC membrane,
which showed a low swelling property of approx. 3% but this
was somewhat offset by the high MWCO (600 g mol−1) and low
permeance of 0.4 L m−2 h−1 bar−1. Photo-curable perfluoro-
polyether (PFPE) was coated on Matrimid® support cross-

linked with 1,6-hexanediamine, and polymerized by UV
irradiation.10 Until now, the coating of fluorine-based
materials has been one of the most promising methods to
prepare hydrophobic TFC membranes, albeit their thick and
loose selective layer provides a low permeance for both polar
and non-polar solvents, despite their high MWCO values of
350–600 g mol−1.

The challenge is multifaceted and lies in finding
sufficiently reactive natural monomers that are soluble in
green solvents with opposing polarities. On one hand, the
monomers need to be reactive to form a highly crosslinked
thin film. On the other hand, one of the monomers need to be
soluble in polar solvents, while the other monomer need to be
soluble in a non-polar solvent, which is immiscible with the

Fig. 1 Membrane preparation and chemical characterization. (a) Fabrication process of a green TFC membrane via the IP reaction of priamine and
tannic acid (TA); (b) solid-state 13C NMR spectra of TA and the TA/priamine free-standing film produced at 0.1 mmol/v% monomer concentrations;
(c) wide XPS spectra of the green TFC membrane and recycled PET support, deconvoluted high-resolution (d) C 1s and (e) N 1s peaks, and (f )
ATR-FTIR spectra of TA, priamine, and the TA/priamine free-standing film.
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selected polar solvent. Here, we used plant-based priamine
and tannic acid (TA) monomers in green solvents to develop
hydrophobic and solvent-resistant TFC nanofiltration mem-
branes. It is the first time that priamine, which is usually
obtained from the fatty acids of vegetable oils (e.g., soybean oil
and sunflower oil),11,12 is used as a curing agent to obtain a
crosslinked selective layer through its reaction with tannic acid
(TA). The cyclohexane, benzene and aliphatic moieties of pria-
mine are suitable to increase the hydrophobicity of the mem-
brane surface, which in turn can result in the high permeance
of non-polar solvents. In addition, TA is a representative poly-
phenol compound, which can be extracted from a diverse
range of natural materials such as trees, plants, nuts and
fruits.13,14 The large number of catechol groups in TA have
high reactivity with primary amine groups, leading to the for-
mation of strong, solvent-resistant covalent bonds through the
Michael addition and Schiff base reactions.15,16 Thus, it has
been recently used as a monomer for TFC membranes due to
their high reactivity and high solubility in water.13–16,17

Waste upcycling is gaining attention as a sustainable meth-
odology, giving a second life to waste materials, and can mini-
mize the environmental burden of various industries.18,19 For
example, used plastic bottles made of hydrophobic polyethyl-
ene terephthalate (PET) can be recycled into a porous
support,20 and used for interfacial polymerization to obtain
the priamine-TA selective layer. Interfacial polymerizations are
generally performed in toxic, petrochemical-based solvents
such as toluene and hexane. Therefore, we screened green sol-
vents and found a new platform for the fabrication of TFC
membranes. p-Cymene, a less toxic solvent recommended by
the GSK solvent sustainability guide,21 was used as the organic
phase.

Results and discussion
Membrane design

A chemically stable selective layer was formed on a recycled
porous PET support with 7% surface porosity (Fig. S1 and S3†)
through the IP reaction of TA and priamine, as shown in
Fig. 1a. The support was previously optimized for membrane
separations.20 The pyrogallol groups of TA were converted to
quinone moieties, under weak alkaline conditions, allowing a
rapid reaction with the amine groups of priamine, via Schiff-
base and Michael-addition reactions, finally resulting in the
formation of imine (–CvN–) and amine (–C–NH–) groups,
respectively (Fig. S2†).15 To investigate the reaction mecha-
nism, solid-state 13C NMR spectra of TA and the TA/priamine
free-standing film were obtained (Fig. 1b). The characteristic
peaks of TA were observed at 155–180, 130–155, 105–130, and
40–100 ppm, corresponding to carbonyl, hydroxyl-substituted
phenolic, aromatic and cyclo-aliphatic groups, respectively.22,23

After the formation of the TA/priamine free-standing film,
peaks corresponding to the aliphatic groups of priamine were
observed below 60 ppm. In parallel, the three peaks corres-
ponding to cyclo-aliphatic groups at 40–100 ppm that were

imparted from the core of TA, disappeared. Moreover, four
new peaks designated as alpha (α), beta (β), gamma (γ) and
delta (δ) were found at 137, 132, 125, and 179 ppm, respect-
ively. The α peak was attributed to the formation of imine
(–CvN–) groups, resulting from the Schiff-base reaction. This
reaction also involved the formation of aromatic and carbonyl
groups, and led to the respective appearance of the γ and δ
peaks in the spectra. In addition, the Michael-addition reac-
tion resulted in the formation of aromatic amine (β) and car-
bonyl (δ) groups. Additionally, the d′ peak at 108 ppm shifted
downfield, e′ peak at 120 ppm, g′ peak at 145 ppm and h′ peak
at 169 ppm shifted upfield, due to the film formation; these
shifts were attributed to the formation of both aromatic imine
and amine groups.22

To better understand the reaction mechanism, XPS
spectra of the green TFC membrane and recycled PET
support, as well as FTIR spectra of TA, priamine and TA/pria-
mine free-standing film were recorded. As a result of the IP
reaction, a new N 1s peak appeared and the atomic percen-
tage of C 1s peak significantly increased, which showed the
presence of amine groups and long aliphatic chains of pria-
mine on the surface of the membrane, respectively (Fig. 1c).
The high-resolution XPS peaks of C 1s and N 1s for the green
TFC membrane were deconvoluted to confirm the covalent
bonds between TA and priamine. The C 1s spectrum was
deconvoluted to four characteristic peaks at 284.4, 285.2,
285.7 and 286.6 eV, corresponding to the C–C/CvC, CvN
and CvC–N and CvO peaks, respectively (Fig. 1d). In
addition, the CvN, CvC–N and C–N peaks at 399.0, 400.4
and 401.0 eV were deconvoluted from the high-resolution N
1s spectrum (Fig. 1e). All this allowed us to reasonably postu-
late that the observed imine (CvN) and CvC–N peaks came
from the Schiff-base reaction and Michael-addition reaction
of TA with priamine, respectively.15 Moreover, Fig. 1f shows
the FTIR spectra, before (priamine and TA monomers) and
after (the priamine/TA free-standing film) the IP reaction. A
broad peak (2000 to 3700 cm−1) corresponding to the O–H
stretching of TA, N–H stretching of priamine and the for-
mation of hydrogen bonding between the O–H and N–H
groups was observed, as well as sharp peaks from 2700 to
3000 cm−1, corresponding to the aliphatic C–H stretching of
priamine. The new peaks at 817, 1495 and 1560 cm−1

observed for the TA/priamine film can be attributed to C–H,
C–N and CvN stretching, respectively.24 We found the new
C–N and CvN peaks to be in agreement with the XPS results.
Therefore, solid-state 13C NMR and XPS analyses demon-
strated that the selective layer was produced on the recycled
porous PET support through the Schiff-base reaction and
Michael-addition reaction of TA and priamine, leading to the
formation of new C–CvN and CvC–N bonds.

Membrane properties

Fig. 2 presents the properties of the green TFC membrane and
the recycled porous PET support. The surface and cross-
section SEM images of the TFC membrane demonstrate the
formation of a flat and ultra-thin selective layer. The large
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number of surface pores observed on the recycled porous PET
with a surface porosity of 7 ± 2% disappeared as a result of the
IP reaction. The support has a water contact angle of 59 ± 1°,
in contrast with the hydrophobic nature of the TFC membrane
water contact angle of 98 ± 2° (Fig. 2b). The increase in contact
angle also demonstrates the successful incorporation of the
long hydrophobic alkyl chains of priamine into the selective
layer. These changes contribute to an increase in the adsorp-
tion of non-polar solvents at the membrane surface.25 The
thickness of the selective layer (approx. 30 nm), was estimated
by both cross-section SEM image (Fig. 2e) and AFM analysis
(Fig. 2c and f). In addition to the increase in hydrophobicity,
the ultra-thin selective layer also improved the solvent per-
meance by decreasing the resistance through the membrane.

The hydrophobicity, surface roughness and thickness of a
selective layer play a critical role in determining the membrane
performance. Therefore, we investigated the correlation
between the membrane properties and membrane perform-
ance by changing the reaction conditions for the IP (Fig. 2g–i).
The results showed that the contact angle between the water
and the selective layer slightly increased (from 95° to 104°) as
the reaction time increased (Fig. 2g). In addition, as the pria-
mine concentration increased from 0.1 to 1.0 mmol/v%, the
water contact angle increased and reached the apex with the
value of 104° (Fig. 2h). These results can be attributed to the
increase in hydrophobicity of the selective layer, when increas-
ing the amount of long aliphatic chains of priamine with a
higher reaction time and priamine concentration. On the

Fig. 2 Morphological and surface characterization. Surface (a and b), and cross-sectional (d and e), SEM images of the recycled PET support (a and
d), and the TFC membrane (b and e), as well as AFM height images (c), and their height profile (f ), for the free-standing film. The insets represent the
digital camera images of the water contact angles. The membranes were fabricated at 0.1 mmol/v% monomer concentrations. Refer to the ESI† for
more details on the membrane characterization at other concentrations (Fig. S4–S9†). Water contact angle, roughness (Ra) and thickness of the
selective layer for the green TFC membranes prepared under different reaction conditions: (g), reaction time, (h), priamine concentrations and (i), TA
concentrations.
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other hand, the significant 100-fold increase in the TA concen-
tration from 0.01 to 1 mmol/v% did not have any significant
effect on the water contact angle, which ranged from 95.7° to
98.4° (Fig. 2i). All selective layers exhibited similar flat surfaces
with a roughness (Ra) of lower than 25 nm. The roughness and
complex morphology of the IP layer is believed to be the result
of convection at the aqueous/organic interface. Larger mono-
mers such as those used here have a lower mobility and might
contribute to a less convective, more stable interface. The
thickness of the selective layers increased with increasing reac-
tion time and priamine concentration (40–95 nm). Similar to
the observed trend with the water contact angle, a quasi-con-
stant thickness of the ultrathin selective layer was observed,
irrespectively of the TA concentration. Consequently, the fabri-
cation of an ultrathin and hydrophobic selective layer could be
achieved at low priamine and TA concentrations, which is
expected to improve both the permeance in non-polar solvents,
and the sustainability of the membrane.

Membrane performance

To optimize the performance of the green TFC membranes,
different reaction conditions such as reaction time and pria-
mine and TA concentrations were employed. The acetone per-

meance monotonously decreased (Fig. 3a), whereas the poly-
styrene rejection increased (Fig. 3d) as a result of the increase
in reaction time. In addition, the pore size of the membranes
sharply decreased from 2.6 to 0.41 nm with an increase in
reaction time (Fig. 3b). These results are in line with those
obtained for the denser and thicker selective layer formed at
higher reaction times (Fig. S4†). The tightest membrane was
obtained with an IP reaction time of 5 min, which showed 9.1
± 0.5 L m−2 h−1 bar−1 of acetone permeance and a molecular
weight cut-off (MWCO) as low as approx. 395 g mol−1. The
reaction time was fixed at 5 min for further optimization.
Interestingly, the acetone permeance linearly decreased from
16.9 ± 0.6 to 5.7 ± 0.4 L m−2 h−1 bar−1 with increasing pria-
mine concentration (y = −2.22x + 16.35, R2 = 0.9743) (Fig. 3a).
Nonetheless, all membranes showed similar MWCO values of
approx. 395 g mol−1 and constant pore size of 0.46 nm
(Fig. S11 and S12†), indicating the formation of a selective
layer with a similar density in the chemical structure (Fig. 3e).
Thus, we could conclude that the decrease in acetone per-
meance was mainly caused by the increase in thickness of the
selective layer. The initial increase in TA concentration (from
0.01 to 0.1 mmol/v%) resulted in a 29% reduction of acetone
permeance and a gradual decrease in MWCO from 795 to

Fig. 3 Membrane separation performance and pore size. (a) Acetone permeance with different reaction times (0–5 min at TA conc. 1.0 mmol/v%
and priamine conc. 3.0 mmol/v%), priamine (0–5 mmol/v% at TA conc. 1.0 mmol/v% and 5 min) and TA (0–1 mmol/v% at priamine conc. 0.1 mmol/
v% and 5 min) concentrations; pore size with different (b), reaction times and (c), TA concentrations; and the MWCO curves for the TFC membranes
prepared with different (d), reaction times, (e), priamine and (f ), TA concentrations.
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235 g mol−1 (Fig. 3a and f). This phenomenon was caused by
the formation of a tight chemical structure of the selective
layer. Further increase in TA concentration increased both the
acetone permeance and MWCO, due to the decrease in density
of the chemical structure of the selective layer, which was sup-
ported by the change in pore size (Fig. 3c). Therefore, the
highest performance membrane with excellent acetone per-
meance (13.7 L m−2 h−1 bar−1) and lowest MWCO (235 g
mol−1) was achieved at 0.1 mmol/v% of priamine and
0.1 mmol/v% of TA concentrations, indicating that the
optimum molar ratio for the IP reaction between priamine and
TA is 1.

To assess the improvement of the separation performance
of the green TFC membranes, their permeance and rejection
were compared with those from the published literature
(Fig. 4). The permeance of solvents with a varying polarity
exhibited a linear correlation with the solubility parameter
(Fig. 4a), which comprises the solvent solubility (δp,s), viscosity
(η) and molar diameter (dm,s).

26 The green TFC membrane was
found stable in acetone, n-heptane, EtOH, MEK, toluene and
MeCN (Fig. S10†). The membrane exhibited similar acetone

and MeCN permeance, and higher permeance of n-heptane,
toluene, EtOH, and especially MEK, compared to the TFC on
the x-PI membrane in the literature.26 We assume that the
hydrophobic nature of the selective layer led to an increase in
the solvent solubility of the membrane surface, which in turn
enhanced the permeance. The acetone permeance as a func-
tion of styrene dimer rejection for the green TFC membranes
was compared with that of the reported integrally skinned
asymmetric (ISA), mixed matrix membrane (MMM) and TFC
membranes in the literature (Fig. 4b).27,28 With the change in
the priamine and TA monomer concentrations, a performance
trade-off was observed, which provided a new upper-bound.
Owing to the hydrophobicity of the selective layer, the mem-
brane performance in toluene and n-heptane was found to be
competitive with the state-of-the-art petrochemical-based TFC
membranes in the literature (Fig. 4c).29–31

In order to demonstrate the industrial viability of the green
TFC membranes, their long-term performance in hydrophobic
solvents was evaluated using a cross-flow nanofiltration rig
under continuous operation over 7 days (Fig. 4d). An initial
membrane compaction was observed over the first 24 h, which

Fig. 4 Comparison of separation performance. (a) Pure solvent permeance as a function of solubility parameter, compared with x-PI comprising
MPD and TMC (Table S3†),26 (b) acetone permeance versus styrene dimer (235 g mol−1) rejection, compared with the published literature,27,28 (c)
toluene and n-heptane permeance and styrene dimer rejection, compared with the published literature (Table S4†);3,8,9,32,33 (d) long-term stability in
hydrophobic solvents under continuous operation in cross-flow mode. Permeance and rejection are expressed in L m−2 h−1 bar−1 and percentage,
respectively.
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manifested in a 1.6 ± 0.2% increase in rejection and 18 ± 3%
decrease in permeance. The membrane exhibited a stable
steady state performance over the following 6 days of continu-
ous operation. Overall, the outstanding performance and the
long-term performance stability demonstrated the potential of
green TFC membranes to replace petroleum-based membranes
in OSN applications.

Sustainability evaluation

In this work, we have exploited plant-based priamine and TA
to produce the selective layer of the TFC membrane on a
recycled porous PET support; we successfully performed the
IP reaction in green solvents, namely water and p-cymene.
This is the first report on TFC membranes using natural com-
pounds for both monomers and the solvent system. To evalu-
ate the sustainability of the green TFC membrane, the total
number of moles for the monomers and additives used in the
fabrication of the selective layer was calculated, and com-
pared with the reported literature (Fig. 5). We found the total
mole number for our green TFC membranes to be between
0.11 and 6.0 mmol, and the membrane with an optimum
monomer concentration of 0.2 mmol. The common pet-
roleum-based TFC membranes prepared from MPD and TMC,
without additives showed the total mole number to be within
the 12–34 mmol range (Fig. 5a). The use of additives such as
co-solvents and salts significantly increased the total number
of moles up to 66 mmol. The existing green TFC literature
focused on replacing either one of the monomers or the

solvent to a green alternative. These membranes still used
undesired petrochemical-based acyl chlorides or diamines.
Seven of them had a greater total mole number than our
green TFC membrane, whereas two were comparable.14,34 We
also calculated the chemical and solvent consumption per
unit area of membrane (Table S9†). Our green TFC membrane
can be fabricated using moles of chemicals 2.7–41 times less
than other reported green and petroleum-based TFC
membranes.

The hazard and toxicity associated with the IP reaction were
investigated through the pictograms of the Globally
Harmonized System of Classification and Labeling of
Chemicals (Fig. 5c).35,36 The size of the pictogram for each
component was calculated, based on their total mole number.
Both the number and the size of pictograms for our green TFC
membrane were smaller than those of the TFC membranes
prepared by green- and petroleum-based monomers in the
published literature. Therefore, the sustainability of our green
TFC membrane prepared from TA and priamine was signifi-
cantly improved by minimizing its toxicity and environmental
burden. In addition, a less toxic solvent (p-cymene)21 was used
for the fabrication process, in replacement of conventional sol-
vents such as toluene and hexane. The assumptions made
when comparing the sustainability of our green TFC mem-
branes with conventional ones highlight the need for future
research to report the concentration of monomers and volume
of solvents per unit membrane area. This will allow us to make
a direct and accurate comparison of the different studies on

Fig. 5 Sustainability analysis of TFC membrane fabrication. Total mole number of the used monomers and additives in the IP process for the
reported (a), petroleum-based TFCs (listed in Table S5) and (b), green TFCs (Table S7†); (c), chemical hazards and toxicity associated with TFC mem-
branes (listed in Tables S6 and S8†). The area of a pictogram is proportional to the total mole number of the corresponding chemicals used. The
references in the panels can be found in the corresponding tables in the ESI.†
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this topic, and ultimately contribute to the progress in the
green TFC field.

Conclusions

The challenge of developing green TFC membranes is multi-
faceted and lies in finding sufficiently reactive natural mono-
mers that are soluble in green solvents with opposing
polarities. The work reported here demonstrates the successful
development of hydrophobic thin-film nanocomposite mem-
branes, via interfacial polymerization, using solely naturally
occurring compounds. Priamine and tannic acid were used as
monomers, and p-cymene and water were used as solvents. A
chemically stable selective layer on the top of a recycled porous
poly(ethylene terephthalate) support was rapidly fabricated at
room temperature, through the Schiff-base and Michael-
addition reactions between the monomers. The produced
membranes showed outstanding permeance in six solvents
covering a wide range of polarities, and a high styrene dimer
rejection due to the hydrophobic nature and ultra-thin thick-
ness (∼30 nm) of the selective layer. This new method provides
a new platform for fabricating next-generation OSN mem-
branes, using eco-friendly and abundant natural resources as
monomers.

Experimental
Materials

Priamine 1071 and tannic acid (TA, ACS grade) monomers
were provided by Croda and Sigma Aldrich, respectively.
p-Cymene (99%) was purchased from Acros Organics. Acetone
(ACS reagent, 99.5%), n-heptane (ReagentPlus, 99%), toluene
(ACS reagent, 99.5%), ethanol (EtOH, 200 proof, anhydrous,
99.5%), and methyl ethyl ketone (MEK, Emplura 99%) were
purchased from Sigma-Aldrich. Acetonitrile (MeCN, HPLC gra-
dient 99.9%). All chemicals were used as received, without any
further purification. Type II deionized water with a resistivity
of 18.2 MΩ cm at 25 °C (Milli-Q) was used throughout all
experiments.

Membrane fabrication

A green TFC membrane was prepared via the IP reaction of TA
and priamine (Fig. 1a). A recycled PET porous support20 with an
area of approx. 50 cm2 was immersed in 50 mL of a 0.1 mmol/
v% aqueous TA solution for 5 min at laboratory temperature (21
± 1 °C). The excess solution on the support surface was removed
using a rubber roller, followed by an immediate immersion in
50 mL of a 0.1 mmol/v% priamine in p-cymene solution for
5 min to enable the formation of the selective layer on the
support. The produced membranes were washed three times
with p-cymene to terminate the IP reaction, followed by drying
for 10 min at room temperature. They were stored in DI water
containing 1% acetonitrile to prevent bacterial growth. To opti-
mize the performance of the membranes, the reaction time

(0.5, 1, 2, 3 and 5 min), priamine concentrations (0.1, 0.5, 1, 3
and 5 mmol/v%) and TA concentrations (0.01, 0.05, 0.1, 0.5 and
1 mmol/v%) were systemically changed, as shown in Table S1.†
In addition, the priamine/TA free-standing film was prepared at
a 0.1 mmol/v% monomer concentrations.

Characterization

One dimensional 13C CP/MAS solid-state nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker AVANCE
III spectrometer operating at 400 MHz resonance frequency,
and the following sequence was used: 900 pulses on the
proton (pulse length 2.4 s), then a cross-polarization step with
a contact time of typically 2 ms, and finally the acquisition of
the 13C NMR signal under high power proton decoupling. The
delay between the scans was set to 4 s to allow the complete
relaxation of the 1H nuclei; the number of scans ranged from
3000 to 10 000. An exponential apodization function corres-
ponding to a line broadening of 80 Hz was applied, prior to
the Fourier transformation. X-ray photoelectron spectroscopy
(XPS, Axis Supra, Kratos) analysis was performed on a Kratos
Axis Supra instrument equipped with a monochromatic Al Kα
X-ray source (hν = 1486.6 eV) operating at a power of 150 W
and under UHV conditions in the range of ∼10−9 mbar. All
spectra were recorded in hybrid mode, using electrostatic and
magnetic lenses and an aperture slot of 300 μm × 700 μm. The
wide and high-resolution spectra were acquired at fixed analy-
zer pass energies of 80 eV and 20 eV, respectively. The samples
were mounted in floating mode in order to avoid differential
charging. The high-resolution peaks were deconvoluted using
a XPSPEAK 4.1 software program. Attenuated total-reflectance
Fourier-transform infrared (ATR FT-IR, Nicolet is 10, Thermo
Fisher Scientific) spectroscopy was used to investigate the
chemical bonding and shift of the film and monomers. The
dried membrane samples were cut in liquid nitrogen, using a
blade for cross-sectional imaging and sputter-coated with
iridium (a thickness of 5 nm) to avoid any charging of the
sample. Surface and cross-sectional images of membranes
were recorded using a scanning electron microscope (SEM,
Merlin, ZEISS). The thickness of the selective layer was calcu-
lated from the cross-sectional images of the membranes. In
addition, the layer thickness was double-checked using atomic
force microscopy (AFM, Dimension icon, Veeco), after placing
the layer on a silicon-wafer. The 3D topography of all mem-
branes was collected by AFM, in the tapping mode, using a
cantilever (RTESPA, Bruker) with a scan area of 5 μm × 5 μm,
and scan rate of 0.7 Hz. Three different positions on each
sample surface were scanned to obtain the average arithmetic
roughness (Ra) values with the standard deviation. The water
contact angle of membranes was measured by the sessile drop
method using a drop shape analyzer (Easy drop, KRUSS)
equipped with a video camera. The average values were
obtained from at least five measurements for each sample.

Membrane separation

The organic solvent nanofiltration performance of the TFC
membranes was evaluated using a crossflow membrane separ-
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ation rig. An ATEX-rated gear pump manufactured by MSE Ltd
(UK) was used for the recirculation of the retentate stream set
to 1200 mL min−1. The membranes were rinsed with the
solvent of the filtration, and then stored in the solvent for 24 h
prior to the filtration. To reach a steady-state operation, the
membranes were conditioned under 10 bar for 24 h, prior to
the permeance and rejection measurements. The permeance
(eqn (1)) was obtained by measuring the permeate volume (V)
over a given time (t ) period, and a given membrane area (A =
52 cm2) and applied pressure.

Permeance½Lm�2 h�1 bar�1� ¼ J
ΔP

¼ V
ΔP � A� t

ð1Þ

The rejection profiles were determined from the ratio of the
permeate (cpermeate) and retentate (cretentate) concentrations of
the solutes. Standard polystyrene markers containing 1 g L−1

PS580 and PS1300 and 0.1 g L−1 methyl styrene dimer (236 g
mol−1) were used for the filtrations in toluene. Owing to the
very low solubility of the markers in n-heptane, the concen-
trations were only 10 ppm each, and required a 1% toluene
additive. Molecular weight cut-off (MWCO), defined as the
lowest molecular weight solute in which 90% of it is retained
by the membrane, was estimated from the rejection curves by
linear interpolation. Two independent measurements were
performed on independently prepared membranes; the stan-
dard deviations are reported in the figures.

Rejection½%� ¼ 1� cpermeate

cretentate

� �
� 100 ð2Þ

Sustainability analysis

The mole number of each monomer or additive was calculated
per 100 mL of the solvent used in the IP process. The total
mole number is the sum of the mole number for each
monomer and additive. In addition, to evaluate the chemical
hazards and toxicity of the petroleum-based and green TFC
membranes, the total mole number was converted to the area
of a pictogram provided by the Globally Harmonized System of
Classification and Labeling of Chemicals.34,35 The same
volume of solution for each monomer and the same area of
membrane were used in the IP process because most of the lit-
erature describes only the monomer concentration without the
solution volume and/or the membrane area.
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1. Membrane fabrication 

 

Table S1. Reaction conditions of IP reaction of TA and priamine 

No. 
TA / DI water Priamine / p-cymene 

Conc. (mmol/v%) Immersion time (min) Conc. (mmol/v%) Reaction time (min) 
TP-1 

1 

5 

3 

0.5 
TP-2 1 
TP-3 2 
TP-4 3 
TP-5 5 
TP-6 0.1 

5 

TP-7 0.5 
TP-8 1 
TP-9 5 

TP-10 0.01 

0.1 
TP-11 0.05 
TP-12 0.1 
TP-13 0.5 
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2. Membrane support characterization 

 

Fig. S1. (a) Surface SEM image and (b) corresponding black/white image of PET support. The surface porosity 

(black dot, 72%) was calculated from the ImageJ software. 
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3. The reaction mechanism of Schiff’s base and Michael addition reactions 

First, the pyrogallol groups of TA could lead to the formation of the highly reactive ortho-quinone 

and -hydroxyl-ortho-quinone under weak base conditions. The reactive quinone derivatives 

could rapidly react with amine groups, which allows to form the covalent bonds of both imine 

(C=N) and amine (CNH) by the Schiff’s base and Michael addition reaction, respectively 

(Fig. S2). 

 

 

Fig. S2. Reaction mechanism between pyrogallol groups of TA and amine groups of priamine. 
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4. Membrane characterization 

 

 

 

Fig. S3. ATR FT-IR spectra of the PET support and the green TFC membrane prepared from TA concentration (0.1 

mmol/v%) and priamine concentration (0.1 mmol/v%). 
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Fig. S4. Surface and cross-sectional SEM images of PET support and the green TFC membranes prepared with 

different reaction times. 

 

 

 

Fig. S5. AFM images of PET support and the green TFC membranes prepared with different reaction times. 
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Fig. S6. Surface and cross-sectional SEM images of the green TFC membranes prepared with different Priamine 

concentrations. 

 

 

Fig. S7. AFM images of the green TFC membranes prepared with different Priamine concentrations. 
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Fig. S8. Surface and cross-sectional SEM images of the green TFC membranes prepared with different TA 

concentrations. 

 

 

 

Fig. S9.  AFM images of the green TFC membranes prepared with different TA concentrations. 
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Fig. S10. Surface SEM images of the green TFC membrane prepared from TA concentration (0.1 mmol/v%) and 

priamine concentration (0.1 mmol/v%) after immersing in each solvent at room temperature for 48 h. 
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5. Solvent permeance and MWCO correlation analysis  

Table S2. Physical properties of acetone 

Solvent 
MW 

(Da) 

dm    

(nm) 
  

(mPa.s) 

Vm      (cm3 

mol-1) 

Density 

(g mL-1) 
d 

(MPa0.5) 

p 

(MPa0.5) 

h 

(MPa0.5) 

t 

(MPa0.5) 

Acetone 58.08 0.308 0.316 74.166 0.784 15.5 10.4 7.0 19.9 

 

Solvent permeance can be correlated to its physical properties, as suggested by Livingston et al. The solute diameter 

was obtained using the following equation. 

dm  = 2  (
3Vm

4NA
)1/3                                                                          Eq. S1 

where Vm is the molar volume calculated from solvent density, and NA is the Avogardo’s number. To correlate the 

MWCO data with pore size distribution, the styrene rejection values were used as input data into the pore flow model. 

The Hagen–Poiseuille equation describes the volumetric flux (Jv) through a membrane comprising uniform capillaries: 

Jv,i = 
ri
2P

80l
                                                                                     Eq. S2 

where  is porosity, ΔP is transmembrane pressure, l is capillary length, 0 is solvent bulk viscosity, and ri is capillary 

radius. Next, the pore flow rate (Qp,i) allows for calculations of the flow through a pore with radius ri : 

Qp,i = 
ri

4P

80l
                                                                                 Eq. S3 

The overall solute rejection can be calculated using the following set of equations: 

Rij = 1-
ijKc,ij

1  (1  ijKc,ij)(exp(Pe,ij)
                                                                       Eq. S4  

where Φij is a partition coefficient, and λij is a ratio between the solute radius rs,j (sub-index for a solute is j) and pore 

radius ri (sub-index for a pore-size-class in the discrete method is i): 

ij = (1  ij)2                                                                                Eq. S5 

ij = 
rs,j

ri
                                                                                    Eq. S6 

therefore, it is assumed that the steric behaviour between the solute and pore wall occurs. Then, the 

solute convective Kc,ij and diffusive Kd,ij hindrance factors are expressed as following: 

Kc,ij = (2  ij)(1 + 0.054ij  0.988ij
2 + 0.44ij

3)                                                     Eq. S7 

Kd,ij = 1  2.3ij + 1.154ij
2 + 0.224ij

3                                                              Eq. S8 

The Peclet number (Pe,ij) characterizing the pore flow is defined as: 



S11 

 

Pe,ij = 
Kc,ij

Kd,ijDs,j
(

ri
2P

8p,i

)                                                                                   Eq. S9 

Diffusivity Ds,ij of a solute with the radius rs,j is calculated using the Stokes–Einstein equation: 

Ds,ij = 
kT

6p,irs,j
                                                                                       Eq. S10 

where k is the Boltzmann constant and T is temperature. To solve the above equation, the Wilke– 

Chang formula can be used to estimate the solute diffusivity: 

Ds,ij = 7.4  10-8 
T√𝑀𝑠𝑜𝑙𝑣

p,iVm,j
0.6                                                                                                             Eq. S11 

where Msolv is the molecular weight (MW) of the solvent molecule,  is a dimensionless solvent 

parameter and Vm,j is the solute molar volume (in cm3 g mol-1). 

If rejection R(r) is a continuous function of the pore radius r, PDF fR(r) is introduced to describe the 

pore size distribution: 

f(r) = 
1

r√2b
exp [

( log(
r

r*
)+

b

2
)
2

2b
]                                                                                  Eq. 12 

b = log[1+(


r*
)
2
]                                                                                               Eq. 13 

‘To calculate the function f(r), the mean pore radius (r*) and the standard deviation () need to be 

estimated. For simplification, the distribution function is truncated to rmax: 

f
'
R

(r)

fR(r)
= 

1

∫ fR(r)dr
rmax
0

                                                                                         Eq. 14 

The overall rejection over the pore radii 0 < r < rmax can now be calculated using the following 

expression: 

Rj = 
∫

f
'
R(r)r4R(r)

(r)dr

rmax
0

∫
f
'
R(r)r4

(r)dr

rmax
0

                                                                                              Eq. 15 

Implementing the above models, the mean pore size and the standard deviation can be fitted by 

minimizing the error. 
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Fig. S11.  Pore size of green TFC membranes prepared with different priamine concentration at TA concentration 

(1.0 mmol/v%) and reaction time (5 min). Note that the pore diameter distribution was found to be identical, hence 

all the curves overlap. 
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6. Molecular weight cut off (MWCO) 

 

Fig. S12. Molecular weight cut off of green TFC membranes prepared with different (a) reaction times, (b) priamine 

concentrations and (c) TA concentrations. Note that reaction times less than 3 min did not provide MWCO values 

because the rejections were lower than 90% (see Fig. 3d). 
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7. Solvent properties 

 

Table. S3. Hansen solubility parameter and the physical properties of the organic solvent used in this study 

Solvent Molar diameter 
(d

m
, nm) 

Viscosity (, cP) 
at 25 C  

*Hansen solubility 

parameter (MPa
1/2

) 


p,s
 

s

-1
 d

m,s

-2 


p 
(intermolecular force) 

Heptane 0.78 0.37 0 0 

Toluene 0.70 0.55 1.4 4.843 

Ethanol 0.57 1.22 8.8 21.327 

Methyl ethyl 

ketone 0.66 0.40 9.0 50.393 

Acetone 0.62 0.30 10.4 84.547 

Acetonitrile 0.55 0.34 18.0 160.822 
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8. Membrane performance 

 

Table S4. Summary of performance for TFC membranes 

No. Sample Name Solvent 
Permeance 

(L m-2 h-1 bar-1) 

Styrene dimer 

(235 g mol-1) 

rejection 

Pressure 
(bar) 

Temp. 

(C) 
Reference 

1 

General TFC 

Toluene 

0.3 96 

30 30 [1] 

General ISA (SM122) 0.6 88 

Hyphob(1)-TFC-Fa 1.7 97 

Hyphob(1)-TFC-Si 1.2 97 

Hyphob(1)-TFC-Fb 0.3 90 

Hyphob(2)-TFC-SI 3.83 20 

Hyphob(2)-TFC 2.85 42 

Hyphob(2)-TFC-F 3.63 28 

S380 3.8 64 

2 
Hyphob-TFC-xP84-PEG 1.7 97 

30 30 [2] 
Hyphob-TFC-PEEK-PEG 2 98 

3 TFC-MPD 0.1 97 30  [3] 

4 

TFN-nanoparticle (300)-M8 0.67 95 

30 27 [4] S122 0.67 88 

Puramem 280 0.67 86 

S380 3.9 64 

5 starmem 240 0.7 33 30 30 [5] 

6 (Catechol/POSS)/PI 3.6 - 5 RT [6] 

7 O-PASS 2.6 - 6 25 [7] 

8 PAN/PEI–Si-X 0.35 - 10 RT [8] 

9 
Crumpled nanofilm                   

(MPD-3%-1min) 
0.3 - 10 30 [9] 

10 Crumpled β-CD 1.5 - 10 RT [10] 

11 
PAN/PEI-TMC 

n-Heptane 

1.9 45   

[11] 

PAN/PEI-TMC-PDMS 0.5 50   

12 PIM-1 4.2 73 10 30 [5] 

13 PIM-1 fi lm on PAN 4.6 - 13~15 30 [12] 

14 O-PASS 2.4 - 6 25 [7] 

15 
Crumpled nanofilm                  
(MPD-3%-1min) 

0.5 - 10 30 [9] 
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9. Sustainability analysis 

 

Table S5. Total mole number of the petroleum-based monomers 

No. Monomer & Additive 
Mole number 

(mmol) 

Total mole 

number 

(mmol) 

Application Reference 

0 
Tannic acid 

Priamine 

0.1 

0.1 
0.2 OSN This work 

1 
Resorcinol 

Trimesoyl chloride 

19 

0.8 
19.8 OSN [13] 

2 

m-Penylenediamine 

Trimesoyl chloride  

Sodium dodecyl sulfate 

Triethylamine 

19 

0.4 

0.4 

20 

39.8 FO [14] 

3 
m-Penylenediamine 

Trimesoyl chloride 

14 

0.2 
14.2 RO [15] 

4 
m-Penylenediamine 

Trimesoyl chloride 

37 

3.8 
40.8 RO [16] 

5 
m-Penylenediamine 

Trimesoyl chloride 

19 

0.4 
19.4 OSN [3] 

6 

Piperazine 

3,3’5,5’-iphenyl tetraacyl chloride 

Sodium hydroxide 

Sodium dodecyl sulfate 

6 

0.3 

3 

0.2 

9.5 NF [17] 

7 
Piperazine 

Trimesoyl chloride 

24 

0.8 
24.8 NF [18] 

8 

Piperazine 

Trimesoyl chloride 

N-aminoethyl Piperazine Propane 

Sulfonate 

4 

0.8 

4.2 

 

9 NF [19] 

9 

m-Penylenediamine 

Trimesoyl chloride  

Dimethyl sulfoxide 

Triethylamine 

Camphorsulfonic acid 

19 

0.4 

26 

11 

10 

66.4 RO [20] 

10 

m-Penylenediamine 

Trimesoyl chloride  

Triethylamine 

Sodium dodecyl sulfate 

19 

0.4 

24 

1.7 

45.1 NF [21] 

11 
Polyethyleneimine 

Trimesoyl chloride 

84.4 

2.6 
87.0 NF [22] 

12 
Polyethyleneimine 

Isophthaloyl dichloride 

23.5 

0.5 
24.0 OSN [23] 

13 
Piperazine 

Trimesoyl chloride 

2.3 

0.8 
3.1 NF [24] 

14 
Piperazine 

Trimesoyl chloride 

23.2 

0.8 
24 NF [25] 

15 
m-Penylenediamine 

Trimesoyl chloride 

33.6 

0.6 
34.2 OSN [26] 
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16 
m-Penylenediamine 

Trimesoyl chloride 

18.9 

0.4 
19.3 OSN [27] 

17 
m-Penylenediamine 

Trimesoyl chloride 

11.6 

0.4 
12 OSN [28] 

18 
m-Penylenediamine 

Trimesoyl chloride 

18.5 

0.4 
18.9 OSN [29] 

19 
m-Penylenediamine 

Trimesoyl chloride 

18.5 

0.4 
18.9 OSN [1] 

20 

Polyethyleneimine 

Isophthaloyl dichloride 

Ehylenediamine 

23.5 

0.5 

33.9 

57.9 OSN [30] 

21 
Resorcinol 

Trimesoyl chloride 

19 

0.8 
19.8 OSN [31] 

22 

m-Penylenediamine 

Trimesoyl chloride 

Sodium dodecyl sulfate   

Triethylamine 

19 

0.4 

0.4 

20 

39.8 OSN [32] 

23 
m-Penylenediamine 

Trimesoyl chloride 

14 

0.2 
14.2 OSN [33] 

24 
m-Penylenediamine 

Trimesoyl chloride 

37 

3.8 
40.8 OSN [34] 

25 
m-Penylenediamine 

Trimesoyl chloride 

19 

0.4 
19.4 OSN [35] 
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Table S6. Chemical hazard and toxicity of the petroleum-based monomers for TFC membranes 
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Table S7. Total mole number of the plant-based monomers 

 

 

 

 

 

 

 

 

 

 

 

 

 

No. Monomer & Additive 
Mole number 

(mmol) 

Total mole 

number (mmol) 
Application Reference 

0 
Tannic acid 

Priamine 

0.1 

0.1 
0.2 OSN This work 

1 
Tannic acid 

Cyclohexane-1,4-diamine  

0.06 

2.19 
2.25 NF [36] 

2 
Tannic acid 

Terephtaloyl chloride 

0.06 

0.49 
0.55 OSN [37] 

3 
Catechol 

m-Phenylenediamine 

0.91 

0.92 
1.83 - [38] 

4 
Tannic acid 

Trimesoyl chloride 

0.04 

0.03 
0.07 NF [39] 

5 

Quercetin 

Sodium hydroxide 

Terephtaloyl chloride 

6.62 

20 

0.99 

27.61 OSN [40] 

6 
Tannic acid 

Polyethyleneimine 

0.04 

4.65 
4.69 NF [41] 

7 
Morin hydrate 

Terephtaloyl chloride 

6.75 

0.99 
7.74 OSN [42] 

8 

Catechin 

Sodium hydroxide 

Terephtaloyl chloride 

6.89 

20 

0.2 

27.09 OSN [43] 

9 
-cyclodextrin 

Sodium hydroxide 

Trimesoyl chloride 

2.06 

12.35 

0.75 

15.16 OSN [44] 
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Table S8. Chemical hazard and toxicity of the plant-based monomers for TFC membranes.  
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Table S9. Comparison of chemical consumption for the fabrication of TFC membrane  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No. 
Monomer  

& Additive 

Solvent 

consumption 

(L m-2)  

Monomer 

 consumption  

(mmol  m-2) 

Type Reference 

0 
Tannic acid 

Priamine 
4 40 Green This work 

1 

Tannic acid 

Cyclohexane-1,4-

diamine 

4.9 110 Green [36] 

2 

Catechin 

Sodium hydroxide 

Terephtaloyl 

chloride 

6.1 1658 Green [43] 

3 
m-Penylenediamine 

Trimesoyl chloride 
6.7 1226 Petroleum [45] 
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Upcycling agricultural waste into membranes:
from date seed biomass to oil and solvent-
resistant nanofiltration†

Abdulaziz Alammar, a Rifan Hardian b and Gyorgy Szekely *a,b

Membranes hold a great promise for replacing energy-intensive separations across various industrial

sectors. However, membrane production heavily relies on petrochemical-based raw materials; the need

for greener membranes is a challenge that is yet to be solved. In this work, we solubilized date seed

biomass (abundantly available from the multimillion-metric-ton date industry) using ionic liquids and

dimethyl sulfoxide (which are greener than traditional organic solvents) to fabricate biodegradable

nanofiltration membranes. The resultant membranes were coated with mussel-inspired polydopamine

(PDA) via a layer-by-layer deposition method. The obtained membranes demonstrated excellent perform-

ance for organic solvent nanofiltration (OSN) and oil-in-water separation. The deposition time and the

number of PDA layers correlated with the molecular sieving performance of the membranes and allowed

the fine-tuning of the molecular weight cutoff (MWCO). The best-performing membrane exhibited an

acetonitrile permeance of 7.8 L m−2 h−1 bar−1 and a 96% rejection of acid fuchsin (585 g mol−1).

Moreover, an oil-removal efficiency of up to 97% was achieved with a water permeance of 5.7 L m−2 h−1

bar−1. The prepared membranes showed excellent stability for over seven days in continuous nanofiltra-

tion tests. The biodegradability of the membranes was demonstrated in an aqueous cellulase solution.

Our work offers a sustainable production of waste biomass-based membranes for liquid-separation

applications.

1. Introduction

Conventional thermal separation processes are crucial in
various industrial sectors, but they consume a substantial
amount of energy. The alternative membrane-based separation
technologies offer lower energy consumption; however, mem-
brane production mainly relies on petrochemical-based
materials. Energy conservation and its responsible consump-
tion and production have become increasingly important, as
stated in the United Nations’ Sustainable Development Goals.
Therefore, alternative materials are required to reduce our
dependency on petroleum-based polymers and eventually
replace them with bio-based materials.1 Edible oils, fats, and

sugar are limited sources for developing new materials
because of their high demand in the food sector.2 Therefore,
waste and residue-based lignocellulosic biomass sources are
economically more favorable and sustainable raw materials for
developing bio-based polymers. However, the environmental
costs of the techniques and solvents used in the manufactur-
ing process must be considered alongside the use of
sustainable raw materials to achieve green membrane
production.3

Lignocellulosic biomass is an abundant natural material
that comprises cellulose, lignin, hemicellulose, and other
minor components called extractives. Recently, lignocellulosic
biomass is getting considerable interest due to its application
in biofuel development and the potential for replacing fossil-
based chemicals and materials. However, their sustainable
utilization for developing advanced materials has remained
challenging because of the versatility and complexity of their
structure (i.e., different biomass sources have unique charac-
teristics of cellulose, lignin, and hemicellulose) as well as the
low solubility of cellulose in both water and organic solvents.4

A common approach to isolate lignin involves mechanical
grinding, extensive heat, and highly acidic and alkaline pre-
treatment. Utilizing lignocellulosic biomass is challenging
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without employing multiple physical and chemical treatment
steps because common organic solvents cannot directly decon-
struct lignocellulosic constituents. By contrast, the robust and
insoluble nature of lignocellulosic biomass make them a
promising candidate for fabricating advanced materials for
application in harsh environments, such as for preparing
organic solvent nanofiltration (OSN) membranes.

The seeds of date fruits (Phoenix dactylifera L.), which are
abundant and nonedible by-products, can be the source of
lignocellulosic biomass. Dates are popular for their high
content of antioxidants and dietary fibers, and their seeds
have antibacterial activity.5 The annual worldwide production
of dates is ∼9 million metric tons with at least 2 million
metric tons being wasted owing to their limited use of the
seed.6,7 Approximately 90% of the cultivated date palm trees
(i.e., 100 million palm trees) are grown in the Middle East and
North Africa. Date seeds are rich in mannan fibers, a hemi-
cellulose component, and commonly used as food additives in
fodder for sheep and camels in the desert. However, they have
not been extensively studied as a natural material to be used in
different applications compared with other common natural
materials such as bamboo, wheat straw, corncob, and sugar-
cane bagasse. In the field of separation science and techno-
logy, date seed has been used as adsorbent for pollutant
removal.8 To the best of our knowledge, there is no report on
the application of date seed to be used in membrane
fabrication.

The direct utilization of biomass remains challenging
owing to the involvement of multiple treatment stages. Ionic
liquids (ILs) have been proposed as a viable option for ligno-
cellulosic biomass’s pretreatment.9,10 ILs consist of an organic
cation and an organic or inorganic anion salt, with an inter-
mediate melting temperature of up to 100 °C. The main advan-
tages of ILs are their highly tunable polarity, ionic conduc-
tivity, nonflammability, thermal stability, and negligible vapor
pressure.11,12 Direct dissolution of various lignocellulosic
biomass in ILs enabled the production of advanced materials,
such as hydrogels,13 fibers,14 and films.15

ILs containing butyl cations, such as (1-butyl-3-methyl-
imidazolium) or [Bmim], with different anions have been
widely studied for cellulose dissolution. The chloride in
[Bmim]Cl is speculated to highly influence the dissociation of
hydrogen bonding in cellulose. However, [Bmim]Cl is highly
toxic and forms a crystalline solid at room temperature.16

Alternatively, [Bmim][OAc] has been considered effective in
lignocellulosic biomass swelling, and its lignin solubility is
not affected by moisture as much as that of [Bmim]Cl.17

However, [Bmim][OAc] is an expensive solvent and generates
large amounts of wastewater during the membrane fabrication
stage (e.g., long demixing time and multiple washing steps).
Therefore, the use of organic solvent-assisted ILs has been
proven a viable option for lignocellulosic biomass treatment.
Herein, dimethyl sulfoxide (DMSO EVOL) has been used as a
co-solvent with [Bmim][OAc] to make a dope solution for mem-
brane casting. DMSO was selected because it is considered an
inexpensive and green organic solvent.18,19

To improve the membranes performance, the nanoscale
deposition of dopamine on a porous support has been demon-
strated to produce nanofiltration-based membranes with
dense separation layers, improving their long-term stability in
acidic and alkaline environments.20,21 Mussel-inspired poly-
dopamine (PDA) has attracted attention for improving
membrane performance and antibacterial properties. The use
of PDA catechol chemistry has been proved to enhance the
long-term stability of NF membranes in strong alkaline and
acidic conditions.22 In addition, the layer-by-layer dip-coating
method to prepare PDA-coated membranes is a simple way to
increase membrane rejection, hydrophilicity, solvent stability,
antifouling, and antibacterial performance.20 Therefore, we
postulated that coating biomass-based membranes with PDA
could improve their separation performance.

In this work, we proposed a co-solvent system based on ILs
to dissolve date seeds with minimum pretreatment steps and
develop highly durable high-performance membranes with
adequate mechanical and chemical stability for OSN and oil-
in-water separation. The schematic presenting date seeds treat-
ments and membrane fabrication processes is shown in Fig. 1.
Our approach can be easily integrated with the current mem-
brane manufacturing lines in the market and provide a low-
cost, sustainable process for developing high-performance
membranes.

2. Results and discussion

A series of membranes with varying date seed concentrations,
PDA deposition time, and numbers of PDA coating layers were
prepared (Table 1). A mixture of 1-butyl-3-methylimidazolium
acetate ([Bmim][OAc]) with dimethyl sulfoxide (DMSO) as a co-
solvent was successfully used to dissolve the date seeds. We
opted for a co-solvent system because it is a common approach
to lower the viscosity and improve the miscibility in biomass
processing.23 In particular, both experimental and in silico
methods suggest that using DMSO as a co-solvent enhances
the solubility of cellulose in [Bmim][OAc].24

2.1. Membrane characterization

The membrane with 5 wt% date seed concentration (M5) was
too fragile, whereas high dope solution concentrations
(15 wt%) produced wrinkled and nonuniform M15 membranes
(Fig. S1†). The 10 wt% dope solution concentration was found
to be optimal because it provided effective solubilization of
date seed components to produce a membrane (M10) with
acceptable mechanical flexibility, uniform thickness, and a
smooth surface (Fig. 2a). Therefore, the membrane with
10 wt% date seed concentration was selected to be further
treated by PDA to investigate the effects of coating time and
the number of layers.

We characterized representative membranes using scanning
electron microscopy (SEM) and atomic force microscopy (AFM)
to investigate the effects of the number of PDA layers and
coating time on the membrane’s morphology. The mor-
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phologies of the benchmark membrane (M10), the membrane
that was coated 11 times (layers) for 1 h per layer (M11PDA

1h ), and
the membrane that was coated 4 times (layers) for 24 h per
layer (M4PDA

24h ) are shown in Fig. 2. SEM top surface images of
M10, M11PDA

1h , and M4PDA
24h had a relatively homogenous surface

and no defects were observed (Fig. 2a–c). A small number of
particles can be observed on the surface of the PDA-coated
membranes, which is assumed to originate from the precipi-
tation route of the PDA polymerization.20,25 The optical photos

of the membrane (inset in Fig. 2a–c) distinguish the brown
color of the pristine membrane from the black color of the
PDA-coated membranes. The SEM cross-sectional images
exhibited a dense membrane profile with a thickness of
approx. 8–10 µm (Fig. 2d–f ). The increase in thickness corre-
lates with the number of PDA coating layers as well as the
coating time. However, other factors, such as slight variations
in the membrane casting and phase inversion parameters, can
also affect the thickness. The SEM observations indicated that
the number of PDA layers and coating time did not affect both
the membranes’ surface and cross-sectional morphologies. A
quasi-similar surface topographies of M10, M11PDA

1h , and M4PDA
24h

can also be seen with AFM height images (Fig. 2g–i), with com-
parable surface roughness (Rq of approx. 12–14 nm). The AFM
images of the other prepared membranes are provided in the
(ESI, Fig. S2†). The presence of PDA coating on the membrane
surface was confirmed using energy-dispersive X-ray (EDX)
elemental mapping (Fig. 2a–c), where carbon and oxygen were
present in the benchmark and PDA-coated membranes and
nitrogen originating from the deposited PDA was strongly
observable in M11PDA

1h and M4PDA
24h .

The presence of the PDA layer was found to modify the
membrane hydrophilicity, as evidenced by the water contact-
angle measurements (insets of Fig. 2a–c and Fig. S3, ESI†).
The uncoated pristine date seed membrane (M10) was highly
hydrophilic, causing the water droplet to instantaneously pene-
trate the membrane surface. Varying the dope solution concen-
tration for the pristine membranes (5–15 wt%) did not change
the water contact-angle values (Fig. S3 and S4, ESI†). On the
contrary, increasing the number of PDA layers (up to 9) with

Fig. 1 Schematic of the preparation of pure and PDA-coated date seed membranes.

Table 1 Membrane designations and compositions using
[Bmim][OAc] : DMSO (1 : 1) as a solvent

Membrane
Date seed
(wt%)

Solvent
(wt%)

Number of
PDA layers

PDA coating
time (h per layer)

M5 5 95 NA NA
M10 10 90 NA NA
M15 15 85 NA NA
M1PDA

1h 10 90 1 1
M2PDA

1h 10 90 2 1
M3PDA

1h 10 90 3 1
M4PDA

1h 10 90 4 1
M5PDA

1h 10 90 5 1
M6PDA

1h 10 90 6 1
M7PDA

1h 10 90 7 1
M8PDA

1h 10 90 8 1
M9PDA

1h 10 90 9 1
M10PDA

1h 10 90 10 1
M11PDA

1h 10 90 11 1
M1PDA

24h 10 90 1 24
M2PDA

24h 10 90 2 24
M3PDA

24h 10 90 3 24
M4PDA

24h 10 90 4 24
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1 h of coating time per layer gradually increased the water
contact angle from 0° to 66°. Further deposition of up to 11
layers PDA resulted in virtually constant contact-angle values
at approx. 66°, which is similar to that of the reported value
for pure PDA films.26,27 These results indicate that the full
surface coverage by PDA can be achieved at nine layers with
1 h of coating time per layer. PDA deposition with a coating
time of 24 h per layer resulted in a contact-angle value of
approx. 66° irrespective of the number of layers, indicating
that the membrane surface was fully covered during the depo-
sition of the first PDA layer. Interestingly, the PDA coating did
not affect the membrane hardness, which was constant at
around 0.2 GPa (Fig. S4†).

The chemical compositions of the membranes were investi-
gated using X-ray photoelectron spectroscopy (XPS), and the
wide spectra are shown in Fig. 3a. The XPS spectra revealed
the presence of carbon, oxygen, and nitrogen in the mem-
branes. A small nitrogen peak was also observed in the pristine

membrane, which might be naturally included in the biomass
source (date seed); however, its content was very low (0.54%).
The atomic content of nitrogen showed enhancement with
increase in the number of PDA layers and/or coating time (i.e.,
M1PDA

1h , M11PDA
1h , M1PDA

24h , and M4PDA
24h ), evidencing the increased

PDA content on the membrane surface (Table S1, ESI†). The
XPS quantitative analysis was also in line with the EDX results
where the nitrogen content slightly increased with the increase
in the PDA deposition, as shown in Fig. S5 (ESI†).

The C 1s high-resolution XPS spectrum (Fig. 3b and
Fig. S6†) was deconvoluted into four peaks (i.e., C–C/C–H,
C–O/C–N, CvO, and π → π*). The C–N peak at 286.5 eV was
not observable because it overlapped with the C–O peak. The
ratio of the C–O/C–C peak (at 286.5 and 285 eV, respectively)
gradually decreased as the number of PDA layers and coating
time increased, indicating the coverage of the membrane
surface (containing C–O from cellulose) with PDA (containing
C–C). The π → π* of the C 1s peak (at 289.1 eV) indicates a

Fig. 2 (a–c) Representative SEM images of the top surfaces, (d–f ) cross sections, and (g–i) AFM images of M10, M11PDA
1h , and M4PDA

24h membranes. The
insets in Fig. 2a–c are the water contact angles and the optical photos for each membrane. The EDX elemental mapping of carbon, oxygen, and
nitrogen are indicated in Fig. 2a–c in purple, green, and blue, respectively. The AFM images for the complete membrane series are presented in
Fig. S2, ESI.†
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common energy loss feature for aromatic carbon species, and
its intensity increased with PDA deposition. Consistent with
the C 1s observation, the O–C peak of the XPS narrow O 1s
spectra (Fig. 3c) decreased with the increasing number of PDA
layers. By contrast, the R2NH peak in the N 1s spectra (Fig. 3d)
increased as the number of PDA layers increased, supporting
the argument that the cellulose (containing O–C) in the date
seed membrane is covered by the PDA layer (containing
R2NH). The XPS peaks reported here are in line with the pre-
viously reported literature on PDA thin film deposition.28

The characteristic peaks of cellulose—the main constituent
of the date seed—were observed in the Fourier transform infra-
red (FTIR) spectra at 3469, 1158, and 890 cm−1 (Fig. 3e), which
were ascribed to the intermolecular hydrogen bonding (–OH),
(C–O–C), and existence of β-D-glucopyranosyl groups, respect-
ively.29 Additionally, the peak at 2870–2920 cm−1 can be attrib-
uted to the C–H stretching (–CH2−) in both lignin and
cellulose.30,31 The presence of PDA is difficult to identify
because of the overlapping of its peaks with those of the pris-
tine date seed membrane. However, a small shift and increase
in the peak intensity at 1595–1610 cm−1 (highlighted in yellow)
with the increase in PDA deposition were observed, which
could be attributed to α,β-unsaturated ketone, a characteristic
peak of PDA. All the representative membranes exhibited
broad X-ray diffraction (XRD) patterns (Fig. 3f) owing to their
amorphous nature of the components, such as hemicellulose
and lignin. Some XRD peaks (i.e., 16.3°, 18.4° and 21.7°) were
observable, which can be attributed to cellulose.32 The
thermal analyses of the pristine and coated membranes are
presented in Fig. 3g and S8 (ESI†). It was found that the cell-
ulose degradation temperature in PDA-coated membranes was
lower (232 °C) compared with the pristine date seed mem-
brane (278 °C). The mass loss above 500 °C can be associated

with the CO and CO2 formation due to intense heat (burning
of the carbonaceous residue).33

2.2. Membrane performance and biodegradability

Membrane’s resistance toward organic solvents was determined
by contacting the membrane with common organic solvents, as
shown in Table S3 (ESI†). The pristine date seed membrane
(M10) showed virtual stability in all the tested solvents, including
harsh polar aprotic solvents (DMAc, DMF, and DMSO), whereas
the PDA-coated membranes disintegrated and dissolved in DMF.
Furthermore, M10 was stable in acidic solution and in basic solu-
tions, it was stable only up to pH 9 (Table S4, ESI†).

The prepared membranes were screened in a cross-flow
nanofiltration setup using valsartan (VS) as an active pharma-
ceutical ingredient (API) in acetonitrile to evaluate the mem-
branes’ rejection and permeance (Fig. 4a). The effects of 1 h
versus 24 h coating time on the filtration performance were
compared (highlighted in cyan and olive, respectively).
Without PDA coating, the membrane exhibited a permeance
value of 94.9 ± 2.4 L m−2 h−1 bar−1 and no rejection was
observed. The permeance significantly decreased to approx.
60% for the PDA-coated membrane with a coating time of 1 h
and remained constant until four layers of deposition.
However, solute rejections were still not observed. These obser-
vations suggest that low-molecular-weight PDA was insufficient
to narrow the large pore sizes in the pristine membrane in a
short deposition time or with few deposition layers.
Depositing more PDA layers resulted in additional mass trans-
fer resistance due to the reduction of the large pore size and
blockage of the smaller pores. The rejection increased monoto-
nously from five (M5PDA

1h ) to eleven (M11PDA
1h ) PDA layers with the

latter having a maximum rejection of 61.5% ± 3.3% and per-
meance of 38.8 ± 2.0 L m−2 h−1 bar−1.

Fig. 3 (a) XPS wide and narrow (b) C 1s, (c) O 1s, and (d) N 1s spectra and (e) FTIR spectra, (f ) XRD patterns, and (g) thermogravimetric analysis
curves of M10, M1PDA

1h , M11PDA
1h , M1PDA

24h , and M4PDA
24h .

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2022 Green Chem., 2022, 24, 365–374 | 369

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
D

ec
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 6

/2
3/

20
22

 1
1:

20
:1

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1gc03410c


The permeance considerably declined with a longer PDA
coating time (24 h) compared to that with multiple layers de-
posited for a shorter time (1 h). In particular, the permeance
decreased from 94.9 ± 2.4 L m−2 h−1 bar−1 for M10 to 30.3 ± 0.7
L m−2 h−1 bar−1 for M1PDA

24h , while the rejection of valsartan
increased from 0% to 57.7% ± 1.70%. A sharp increase in
membrane rejection (by approx. 44%) was realized with the
increase in the PDA layers for a coating time of 24 h (M1PDA

24h →
M4PDA

24h ) at the expense of permeance, which further decreased
to 7.8 ± 0.2 L m−2 h−1 bar−1 for M4PDA

24h . M4PDA
24h was the tightest

membrane with a maximum obtained valsartan rejection of
83.1% ± 2.4%.

The separation performance of the representative mem-
branes was further tested using different types of solutes
including oligomers, APIs, and dyes having their molecular
weight between approx. 200 and 1000 g mol−1 (Fig. 4b). M10

and M1PDA
1h did not exhibit rejections above 90% in the nanofil-

tration molecular weight range, and therefore, the molecular
weight cutoff (MWCO) value could not be determined. The
molecular selectivity of the membrane can be successfully con-
trolled by increasing the number of PDA layers and/or the
coating time. Increasing the coating time to 24 h (M1PDA

24h )

resulted in an MWCO of approx. 693 g mol−1. The MWCO of
the membrane exhibited a further decrease by 25% as the
number of PDA layers increased with a coating time of 24 h
per layer (M1PDA

24h → M4PDA
24h ). Further, 16% reduction in the

MWCO was obtained for the highest number of PDA layers
with a coating time of 1 h per layer (M11PDA

1h ) compared with
that of M1PDA

24h .
The pristine date seed membrane and the membranes with

the lowest MWCO (M11PDA
1h and M4PDA

24h ) were tested with various
organic solvents (Fig. 4c). The permeances of solvents and
their solubility parameters (i.e., solubility, viscosity, and molar
diameter) were linearly correlated. The PDA-coated M4PDA

24h

membrane exhibited a linear correlation between pressure and
flux, which indirectly proves the structural stability of the
membrane under the nanofiltration operating pressure range
(Fig. 4d). A long-term stability test was performed over 7 days
of continuous filtration of two dyes, methyl orange (MO) and
acid fuchsin (AF), for the same membrane series (M10, M11PDA

1h ,
and M4PDA

24h ). The rejections of both dyes and the permeance
were found to be stable during the filtration (Fig. 4e–g). The
separation performances obtained were compared with those
reported in the literature in terms of solute rejection, MWCO,

Fig. 4 (a) Acetonitrile permeance and rejection of valsartan for all the membranes coated for 1 h (cyan) and 24 h (olive) per layer versus the number
of PDA layers. (b) Rejection profiles of various solutes using pristine and PDA-coated date seed membranes in acetonitrile. (c) Permeance values for
M10, M11PDA

1h , and M4PDA
24h as the functions of solubility parameters using various solvents. (d) Effect of pressure on the flux of various solvents for

M4PDA
24h . Nanofiltration testing of methyl orange and acid fuchsin for over 7 days for (e) M10, (f ) M11PDA

1h , and (g) M4PDA
24h . (h) Oil-in-water emulsion separ-

ation performances of M10, M1PDA
1h , M11PDA

1h , M1PDA
24h , and M4PDA

24h . (i) Biodegradation of the prepared membranes using cellulase at room temperature. All
the nanofiltration tests were performed at 30 bar.
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and permeance (Table S13, ESI†). The tightest membrane with
a longer PDA coating time (M4PDA

24h ) showed better results by
exhibiting lower MWCO. The rejection of methyl orange is
lower than that of acid fuchsin because the molecular weight
of methyl orange (327 g mol−1) is lower compared to acid
fuchsin (586 g mol−1). According to the surface zeta potential
measurements, the PDA-coated membranes were more nega-
tively charged compared to the pristine membrane, with the
values of −23 ± 2.1 mV and −2 ± 1.2 mV, respectively.
Therefore, we propose that in the pristine membrane, the sep-
aration mechanism is dominated by size-exclusion. However,
in the PDA-coated membranes, the separation mechanism is
likely to be governed by both size exclusion and Donnan
exclusion.

Moreover, oil-in-water filtration experiments were per-
formed using M10, M1PDA

1h , M11PDA
1h , M1PDA

24h , and M4PDA
24h (Fig. 4h).

The pristine membrane (M10) exhibited a high water per-
meance of 117.9 ± 5.1 L m−2 h−1 bar−1 and 39% of oil-removal
efficiency owing to its high hydrophilicity and MWCO to
channel water molecules. PDA coating for 1 h per layer from 1
to 11 layers decreased the water permeance from 117.9 ± 5.1 to
25.3 L m−2 h−1 bar−1 and increased the oil-removal efficiency
from 67.6 ± 1.4% to 88.5 ± 1.6%, respectively. As the number
of PDA layers increased from 1 to 4 layers, with the 24 h
coating time per layer, the permeance decreased from 28.3 ±
1.2 to 5.7 ± 0.9 L m−2 h−1 bar−1, while the oil-removal
efficiency increased from 78.8 ± 1.9% to 96.8 ± 3.2%, respect-
ively. Finally, the biodegradability of the membranes using
cellulase was tested because the membrane’s decomposition is
crucial considering the environmental aspects. We used poly-
propylene (PP) support as a control and observed that this
support did not disintegrate even after 30 days of bio-
degradation testing (Fig. 4i and S10, ESI†). By contrast, the
pristine and PDA-coated membranes possessed excellent bio-
degradability as their disintegration was observed after 2 days
of biodegradation testing (Fig. 4h). Microorganisms started to
cultivate after 5 days (Fig. S9 and S10, ESI†), and the pristine
date seed membrane (M10) was completely degraded within 7
days of biodegradation testing. The degradation was relatively
slower for the PDA-coated membranes compared with M10.
Based on previous reports,34,35 we infer that the increased
nitrogen content in PDA-coated membranes delayed the bio-
degradation of M11PDA

1h and M4PDA
24h compared with M10.

3. Conclusions

We demonstrated the upcycling of waste biomass, i.e., date
seeds, with minimum processing steps using a greener solvent
system ([Bmim][OAc] : DMSO; 1 : 1) to prepare biodegradable
membranes. The pristine date seed membranes can be tai-
lored via the facile layer-by-layer PDA deposition method to
fine-tune their molecular sieving properties. The gradual
increase in the number of PDA layers from 0 to 11 and the
increase in the coating time from 1 to 24 h enabled the control
of the separation performance and afforded proportionally

tighter membranes. Having screened 25 organic solvents cover-
ing eight solvent classes, we found that the pristine date seed
membranes were stable in all the solvents, including DMF at
100 °C. Moreover, the PDA-coated membranes exhibited excel-
lent stability, except in DMF. The best-performing membrane
(M4PDA

24h ) achieved an MWCO value as low as 517 g mol−1 at the
expense of lowering acetonitrile permeance from 95 (pristine
membrane) to 8 L m−2 h−1 bar−1. The membranes exhibited
stable performance for over seven days of continuous nanofil-
tration in acetonitrile. Further, the pristine and PDA-coated
membranes were biodegraded within few days using cellulase.
Our work demonstrates that lignocellulosic biomass can be
used to fabricate solvent-resistant biodegradable membranes
via a sustainable cradle-to-grave approach. The robustness and
control over the porosity of the membranes make them excel-
lent candidates for demanding applications such as organic
solvent nanofiltration and water treatment.

4. Experimental
4.1. Materials

1-Butyl-3-methylimidazolium acetate ([Bmim][OAc], ≥95%),
1-ethyl-3-methylimidazolium acetate ([Emim][OAc]), N,N-di-
methylacetamide (DMAc, 99.8%), dimethyl sulfoxide (DMSO,
≥99.9%), N,N-dimethylformamide (DMF, 99.8%), dimethyl car-
bonate (DMC, 99%), 1-methyl-2-pyrrolidinone (NMP, ≥99%),
tetrahydrofuran (THF, ≥99.9%), dichloromethane (DCM,
≥99.8%), propylene carbonate (PC, 99.7%), γ-valerolactone
(99%), glycerol (≥99.5%), 1-butanol (99.8%), 1,4-dioxane
(99.8%), hexane (≥95%), and acetone (≥99.5%) were obtained
from Sigma Aldrich. Ethanol (≥99.5%), methanol (≥99.9%),
toluene (≥99%), and acetonitrile (ACN, ≥99.9%) were pur-
chased from Fisher. Isopropanol (99.5%) and cyclopentyl
methyl ether (CPME, 99.5%) were obtained from Acros
Organics. Heptane (≥99%) was purchased from Honeywell.
Cellulase from Trichoderma species (10 units per mg solid)
and sodium periodate (NaIO4) were purchased from Sigma
Aldrich. Dopamine hydrochloride was obtained from Alfa.
Date seed powder was obtained from a local distributor in
Saudi Arabia (Siafa International Mfg. CO., Saudi Arabia).
Vegetable oil was purchased from a local market in the United
Kingdom. Hexadecyltrimethylammonium bromide (CTAB) was
purchased from Acros Organics. Novatexx 2471 (polypropylene
nonwoven support) was obtained from Freudenberg Filtration
Technologies SE & Co. KG. Deionized water (DI) with a resis-
tivity of 18.2 MΩ cm at 25 °C (Milli-Q) was employed in all the
experiments. All the materials were used as received without
further modification.

4.2. Treatment of date seeds

The raw date seeds were sieved through 150 µm filter and
dried in an oven at 80 °C for 24 h before treatment. Then, the
sieved date seeds (5 g) were treated with hot DI water (250 mL)
at 120 °C for at least 24 h via a Soxhlet apparatus to remove
water-soluble extractives until the filtered water was clear, fol-
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lowed by ethanol (250 mL) Soxhlet extraction at 120 °C for
24 h. The hot water and ethanol treatment (at 120 °C) is a criti-
cal prestep to solubilize date seeds in [Bmim][OAc] : DMSO
solvent as it reduces recalcitrance and the disturbance of the
biomass network, making cellulose and other components
such as lignin and hemicellulose more accessible.36 The
treated date seeds were further dried at 80 °C until a constant
weight of dry seeds was obtained.

4.3. Fabrication of membranes

Dope solutions with varying amounts of date seeds (5–20 wt%)
were developed using a co-solvent of [Bmim][OAc] and DMSO
with a mass ratio of 1 : 1. The dope solutions were mixed using
an overhead stirrer at 35 °C at 100 rpm for 24 h. Then, they
were placed in an incubator for 6 h at 40 °C with a shaking
speed of 400 rpm, and finally, the temperature was set to 25 °C
for 2 h before casting. The dope solutions were cast on poly-
propylene nonwoven (PP) support using a film applicator
(Elcometer 4340) at a casting speed of 6 cm s−1 and a blade
gap of 150 and 250 μm for 5–10 and 15–20 wt% dope solu-
tions, respectively. The resulting film was immediately
immersed into a 10 L DI water bath (15 MΩ cm) at 22 °C for
24 h and then immersed in a 2 L water bath for 24 h. The
resulting films were rolled and stored in a measuring cylinder
containing 1 v/v% acetonitrile–water mixture.

4.4. PDA coating

The common dip-coating method was used to prepare the
PDA-coated membranes.20 In a typical experiment, a mem-
brane was cut into a disk (8.5 cm in diameter) and soaked in a
dopamine monomer solution (2 mg mL−1 concentration in
water, 140 mL) at room temperature. Then, 5 mM NaIO4 was
added (as oxidant to accelerate the formation of a hom-
ogenous polydopamine film37) and shaken for 1- or 24 h depo-
sition time, followed by washing the membrane with water to
terminate the coating process for one PDA layer. The same pro-
cedure was repeated for coating each PDA layer.

4.5. Biodegradation of membranes

The pristine and best-performing membranes (M10, M11PDA
1h ,

and M4PDA
24h ) were cast on glass without the PP support follow-

ing the same procedure of PDA coating (section 4.4). The
membranes were dried using an oven at 80 °C and a vacuum
desiccator and cut into small pieces (10 × 10 mm2). The mem-
branes were soaked in a Petri dish containing an aqueous solu-
tion of cellulase (i.e., 1.5 wt% cellulase in 10 mL of phosphate
buffer solution, pH 7) at 25 °C, as reported elsewhere.38 The
membranes including the PP support were also cut into larger
pieces (30 × 30 mm2) and soaked in a Petri dish containing
approx. 20 mL of 1.5 wt% cellulase at room temperature
without the phosphate buffer solution, mimicking natural bio-
degradation conditions. After 30 d, the samples were skimmed
carefully to remove the top layer and diluted with DI water to
show the remaining pieces.

4.6. Characterization

SEM images for surface and cross-sectional analysis were
acquired using an FEI Quanta 200 instrument with an accel-
eration voltage of 15 kV. For improving the conductivity, the
samples were spin-coated with a 6 nm platinum layer using
Quorum Q150TES under an Ar atmosphere. Membrane thick-
ness was estimated using ImageJ software; at least 10 measure-
ments across the SEM cross-sectional images were taken for
each membrane. AFM (BioAFM Bruker Multimode 8) with a
standard tapping mode was used under air at 25 °C. A scan-
ning area of 5 × 5 µm2 was used with a scanning rate of 1 Hz.
The results were analyzed using NanoScope Analysis software.
The root-mean-square average roughness (Rq) was selected to
quantify the surface roughness of the prepared membranes.
The FTIR spectra of the prepared membranes were obtained
via an Alpha-P instrument (Bruker Instruments). The spectra
were generated using an average of 32 scans under air over the
range of 600–4000 cm−1. Thermogravimetric analysis (TGA)
curves were obtained using TGA-550 (TA Instruments) with a
temperature ramp rate of 20 °C min−1 from 25 °C to 800 °C
under a N2 atmosphere. The XRD patterns were acquired via a
PANalytical X’Pert Pro X’Celerator (XRD5) diffractometer at
room temperature using Cu Kα radiation (1.541 Å) over 5°–50°
angular range (2θ) with a step size of 0.03°. The dried mem-
branes were peeled off from the PP support and flattened on
an XRD sample holder. XPS was conducted using an Axis Ultra
Hybrid spectrometer (Kratos Analytical, Manchester, United
Kingdom) equipped with a monochromatic Al Kα X-ray source
with a base vacuum pressure of ∼5 × 10−9 mbar (hν = 1486.6
eV, spot size = 300 × 700 μm2, and 10 mA emission at 150 W).
Charge neutralization was achieved using a filament. Binding
energy scale calibration was performed using C–C in the C 1s
photoelectron peak at 285 eV for each sample. Data analysis
and curve fitting was performed using CasaXP 2.3.24
software.39

Viscosity was determined at 25 °C at 5 rpm using Elcometer
2300 RV (Elcometer Inc., USA) with TL6 and TL7 connections
for solvents and dope solutions, respectively. The nanoinden-
tation technique was used to evaluate the mechanical hard-
ness of the membranes using a NanoTest Vantage instrument
with a pyramidal diamond indenter. 1 cm2 membrane
samples were cut and then adhered to a silicon wafer using
superglue. At least four indentions were obtained per speci-
men. A Kruss EasyDrop instrument was used to record the
water contact angle of the membranes; the sessile drop
method was employed, and the Young–Laplace fitting model
was used. Prior to the measurement, the membranes were
adhered to a glass plate using a double-sided tape, and five
measurements were taken at different locations on a mem-
brane to obtain the average contact-angle value for each
sample. 2 µL of water was dropped on each membrane, and
contact-angle reading was taken after 5 s. The surface zeta
potential measurements were caried out by using a Zetasizer-
Nano ZS. The membrane samples were peeled off from the
support, and attached to the holder using double-sided tape.
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The measurements were performed using deionized water
with pH of 7.2.

4.7. Nanofiltration

Nanofiltration experiments were performed using a cross-flow
setup, which comprised a high-pressure pump, a recirculation
gear pump, a backpressure regulator, and multiple membrane
cells with an effective area (A) of 53 cm2. The operating para-
meters were kept constant as the following. A pressure differ-
ence (ΔP) of 10–30 bar, a feed flow rate of 3 L h−1, and a cross-
flow volume rate of 100 L h−1 was used to reduce the concen-
tration polarization. The permeate volume (V) was collected
over time (t ) until constant flow was realized for permeance
measurement (eqn (1)). Samples from the feed and permeate
were collected to analyze the feed concentration (Cf ) and
permeate concentration (Cp) using high-performance liquid
chromatography. Membrane rejection or removal efficiency
(%) was determined using eqn (2). The MWCO was defined as
the molecular weight of solute to be 90% retained by the mem-
brane. The prepared membranes were tested with nine solutes
in the feed stream, namely, styrene dimer (236 g mol−1), estra-
diol (272.38 g mol−1), MO (327 g mol−1), losartan (423 g
mol−1), VS (435 g mol−1), oleuropein (541 g mol−1), AF (586 g
mol−1), roxithromycin (837 g mol−1), and rose bengal (1017 g
mol−1). A long-term test of continuous filtration for over 7 days
was performed using two different solutes (MO and AF) in
acetonitrile. For the separation of the oil-in-water emulsion,
the concentrations were analyzed using InfraCal 2 (AMETK,
Inc.). The reported filtration results are the average values of
two membranes prepared independently.

Permeance L m�2 h�1 bar�1� � ¼ V
A� t� ΔP

ð1Þ

Rejection %ð Þ ¼ 1� Cp

Cf

� �
� 100: ð2Þ

Oil-in-water emulsions were prepared via high mechanical
shearing using CTAB as an emulsifier. The feed solution was
prepared by mixing 0.5 g of vegetable oil (0.5 g L−1) with 50 mg
of CTAB surfactant in 1 L of water using T-18
ULTRA-TURRAX® (IKA England Ltd) at 15 000 rpm for 2 min
at 25 °C, as reported elsewhere.40 The stability of the pristine
membrane has been evaluated by placing square membrane
pieces (0.5 × 0.5 cm2) in 4 mL of various solvents and aqueous
solutions with different pH levels at room temperature in
closed-top cap vials for up to 30 days.
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2. Morphology of the membranes 

 

 
Fig. S1. SEM images of M  

5 (a, d, g), M  
15 (b, e, h), and M  

20 (c, f, i). 
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Fig. S2. AFM images of the membranes top surface for M  

10 and the PDA coated membranes. 
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Fig. S3. Water contact angles (°) of the prepared membranes. 
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Fig. S4. Evolution of contact angle and membrane hardness as the functions of PDA deposition. 
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3. Chemical analysis of the membranes 

 

Table S1. XPS chemical composition of M  
10, M1 h 

1 PDA, M1 h
11 PDA, M24 h 

1 PDA, and M24 h
4 PDA. 

 

Membrane  

Atomic content (%)  

C O N I  

M  
10 65.06 34.40 0.54 0.00 

M1 h 
1 PDA 64.93 33.95 1.12 0.00 

M1 h
11 PDA 69.63 27.80 2.26 0.31 

M24 h 
1 PDA 74.08 22.50 2.76 0.67 

M24 h
4 PDA 75.40 20.55 3.19 0.86 
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Fig. S5. EDX elemental analysis of the prepared membranes. The y-axis represents the count of elements, and the x-axis represents the energy in keV. 
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Fig. S6. High-resolution XPS spectra of C 1s and O 1s of M  

10, M1 h 
1 PDA, M1 h

11 PDA, M24 h 
1 PDA, and M24 h

4 PDA. 
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Fig. S7. FTIR spectra of the prepared membranes. 
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Fig. S8. Thermogravimetric analysis of the prepared membranes at a temperature ramp rate of 20 °C 

min−1 from 25 °C to 800 °C in a N2 atmosphere. 
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4. Date seed composition 
The NREL1 protocol was used for quantifying cellulose, hemicellulose, and lignin in date seeds in 

conjunction with other protocols, as stated below.2 

 

 
4.1 Determination of extractives 

A sample containing 2 g of raw date seeds was extracted using a Soxhlet extractor. The first extraction 

employed a 150-mL ethanol–benzene (1:2) mixture for 4 h. The second extraction employed 

dichloromethane for another 4 h. Solvents were evaporated slowly until a constant weight was obtained 

for the extracted oil residue. The weight percent (%) of extractives was calculated based on the original 

mass of the dried date seed sample. 

 

4.2 Determination of holocellulose 

The extractive-free dry sample was transferred into a 250-mL Erlenmeyer flask. Deionized (DI) water 

(160 mL), glacial acetic acid (0.5 mL), and sodium chloride (1.5 g) were added to the flask, and the 

temperature was maintained at 70 °C for 1 h under continuous stirring. Then, glacial acetic acid (0.5 

mL) and sodium chloride (1.5 g) were added to the flask and stirred for another 1 h. The procedure was 

repeated twice (i.e., third and fourth addition of reagents). The reaction flask was cooled in an ice bath 

(~8 °C); then, holocellulose was filtered using a filtration thimble, washed with acetone, extracted in 

ethanol using the Soxhlet extractor for 2 h, washed with DI water, and dried in an oven at 110 °C until 

a constant weight was obtained. 

 

4.3 Determination of lignin 

The extractive-free dry sample was transferred into a 50-mL beaker with 5 mL of DI water. Then, 15 

mL of 97% sulfuric acid (H2SO4) was added gradually to the sample in an ice bath maintained at ~8 °C 

to obtain a 72.8% H2SO4 solution. The sample was mixed using a magnetic stirrer for 2 h and then 

transferred slowly into a 1-L beaker containing 485 mL of DI water (3% H2SO4). The sample in the 

beaker was continuously stirred for 4 h. The solution was left overnight to settle and precipitate lignin, 
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which was collected via vacuum filtration and dried at 110 °C until a constant weight was obtained. 

The weight (%) was calculated on the basis of the original weight of the date seed sample. 

 

4.4 Determination of lignin 

The extractive-free and lignin-free holocellulose sample was treated to determine the content of 

cellulose. The holocellulose was transferred into a 100-mL beaker, and 25 mL of 17.5% sodium 

hydroxide was added gradually with occasional stirring using an overhead stirrer for 45 min. Thereafter, 

33 mL of DI water was added to reach the final a concentration of 7.5% NaOH. Then, the solution was 

filtered using a vacuum filtration apparatus, and the cellulose residue was washed twice with DI water. 

Next, 15 mL of 10% acetic acid was added to the cellulose residue for ~10 min and then washed with 

DI water (250 mL) until a neutral pH was achieved. Finally, the sample was dried overnight in an oven 

at 110 °C. The weight (%) of cellulose was calculated on the basis of original dried date seed sample. 

 

Table S2. Chemical composition of raw date seeds (Phoenix dactylifera L.) used in this study. 

Name of constituents  Weight (%) 

Extractives  20.5 

Cellulose  25.1 

Hemicellulose  29.4 

Holocellulose (Cellulose + Hemicellulose) 54.5 

Lignin  24.0 

Ash  0.8 

Total  99.8 
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5. Membrane performance 

 
Swelling can be investigated using various techniques with different terminologies in different fields. 

However, herein, an increase in sample volume due to solvent contact is taken as an estimate measure 

for swelling using the lengths of the dry and wet samples (swelling ratio) as it is most widely used in 

the membrane science literature.3 Moreover, the weight variations of the sample before and after 

soaking in the solvent are reported as solvent uptake. The degree of swelling has been correlated with 

the structural and surface properties of the sample or solute, such as the index of crystallinity, degree of 

polymerization, porosity, and the structure of pores, as well as solvent properties. The dissolution is 

defined as the transition from a two-phase system (e.g., solute and solvent) to a one-phase system in 

which the solute is completely disintegrated.4 

Table S3. Stability of M  
10, M1 h 

1 PDA, M1 h
11 PDA, M24 h 

1 PDA, and M24 h
4 PDA in different organic solvents at 

room temperature. The symbol ✔ indicates an intact membrane, while the symbol X denotes a 

disintegrated membrane; (S) indicates that swelling was observed. 

Solvent  M  
10 M1 h 

1 PDA M1 h 
11 PDA M24 h 

1 PDA M24 h 
4 PDA 

  Polar aprotic 

 

DMSO ✔S ✔S ✔S ✔S ✔S 

DMF ✔S X X X X 

DMF @ 100 °C ✔S X X X X 

DMAc ✔S ✔S ✔S ✔S ✔S 

DMC ✔ ✔ ✔ ✔ ✔ 

NMP ✔S ✔S ✔S ✔S ✔S 

THF ✔ ✔ ✔ ✔ ✔ 

Cyrene  ✔ ✔ ✔ ✔ ✔ 

γ-valerolactone  ✔ ✔ ✔ ✔ ✔ 

Glycerol  ✔ ✔ ✔ ✔ ✔ 

Acetonitrile  ✔ ✔ ✔ ✔ ✔ 

Propylene 

carbonate (PC) 

✔ ✔ ✔ ✔ ✔ 

  Esters  
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Table S4. pH stability of the pristine date-seed membrane (M  
10). 

 

 pH 1 pH 5 pH 7 pH 9 pH 13 

3 days ✔ ✔ ✔ ✔ X 

30 days  ✔ ✔ ✔ X X 

 

 

Ethyl acetate  ✔ ✔ ✔ ✔ ✔ 

Ethyl lactate  ✔ ✔ ✔ ✔ ✔ 

  Alcohols 

1-butanol ✔ ✔ ✔ ✔ ✔ 

Methanol ✔ ✔ ✔ ✔ ✔ 

Ethanol  ✔ ✔ ✔ ✔ ✔ 

Isopropanol  ✔ ✔ ✔ ✔ ✔ 

  Halogenated  

DCM ✔ ✔ ✔ ✔ ✔ 

Chloroform  ✔ ✔ ✔ ✔ ✔ 

  Aromatics 

 

Toluene  ✔ ✔ ✔ ✔ ✔ 

  Alkenes 

 

Hexane ✔ ✔ ✔ ✔ ✔ 

Heptane  ✔ ✔ ✔ ✔ ✔ 

  Ketones 

 

Acetone ✔ ✔ ✔ ✔ ✔ 

  Ethers 

 

1,4-dioxane ✔ ✔ ✔ ✔ ✔ 

CPME ✔ ✔ ✔ ✔ ✔ 
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Table S5. Hansen solubility parameters of various common solvents reported in the literature.5 

[Emim][OAc] = 1-ethyl-3-methylimidazolium acetate, DMSO = dimethyl sulfoxide, DMF = 

dimethylformamide, DMAc = dimethylacetamide, DMC = dimethyl carbonate, NMP = N-methyl-2-

pyrrolidone, THF = tetrahydrofuran, MeCN = acetonitrile, PC = propylene carbonate, EtOAc = ethyl 

acetate, MeOH = methanol, EtOH = ethanol, IPA = isopropanol, DCM = dichloromethane, Chl = 

chloroform, AcMe = acetone, CPME = cyclopentyl methyl ether, and MEK = methyl ethyl ketone. 

Solvent δD (Mpa0.5) δP (Mpa0.5)  δH 

(Mpa0.5) 

Total Hildebrand solubility 

parameter (HSP) 

[Emim][OAc] 22.2 15.9 16.9 32.1 

DMSO 18.4 16.4 10.2 26.7 

DMF 17.4 13.7 11.3 24.9 

DMAc 16.8 11.5 10.2 22.8 

DMC 15.5 8.6 9.7 20.2 

NMP 18 12.3 7.2 23.0 

THF 16.8 5.7 8 19.5 

Cyrene  18.8 10.6 6.9 22.7 

γ-Valerolactone  15.5 4.7 6.6 17.5 

Glycerol  17.4 12.1 29.3 36.2 

MeCN  15.3 18.0 6.1 24.4 

PC 20.0 18.0 4.1 27.2 

EtOAc 15.8 5.3 7.2 18.2 

Ethyl lactate  16.0 7.6 12.5 21.7 

1-butanol 16.0 5.7 15.8 23.2 

MeOH 15.1 12.3 22.3 29.6 

EtOH  15.8 8.8 19.4 26.5 

IPA 15.8 6.1 16.4 23.6 

DCM 17.0 7.3 7.1 19.8 

Chl 17.8 3.1 5.7 18.9 

Toluene  18.0 1.4 2.0 18.2 

Hexane 14.9 0 0 14.9 

Heptane  15.3 0 0 15.3 

1,4-Dioxane 19.0 1.8 7.4 20.5 

AcMe 15.5 10.4 7.0 19.9 

CPME 16.7 4.3 4.3 17.8 

MEK 16.0 9.0 5.1 19.1 

Water 15.5 16.0 42.3 47.8 

 

 

Table S6. Physical properties and solubility parameters of the solvents discussed in this work.5 

Solvent Molar 

diameter (dm, 

nm) 

Dynamic viscosity 

(, cP) at 25 °C 

δP 

(Mpa0.5) 
δP −1 dm 

−2 

AcMe 0.62 0.32 10.4 84.55 

MeCN  0.55 0.34 18.0 178.90 

EtOH 0.57 1.10 8.8 24.62 

MEK 0.66 0.41 9.0 50.39 

THF 0.25 0.46 5.7 198.26 

Toluene 0.70 0.59 1.4 4.88 

Water  0.28 0.89 16.0 229.30 
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Table S7. Initial stability assessment by weight-loss measurement.1  

Sample # Before acetone treatment (mg) After acetone treatment (mg) 

1 26 26 

2 29 29 

3 21 21 
 

 

 

 

 

 

 

The increased viscosity of the dope solution (approx. 57%) elucidates the higher solvation of the date 

seed components after water–ethanol treatment compared with that of the untreated date seeds (Table 

S8). 

 

Table S8. Dynamic viscosities of DMSO, [Bmim][OAc], DMSO:[Bmim][OAc] (1:1), and dope 

solutions of date seeds obtained at 25 °C. 

Solvent Viscosity (mPa s) 

DMSO 1.9 ± 0.2  

[Bmim][OAc] 387.7 ± 9.8 

DMSO:[Bmim][OAc] (1:1) 22.3 ± 0.8 

M  
10 (untreated) 819 ± 41 

M  
10 (treated) 1290 ± 20 

 

 

 

 

 

 

 

 

  

 
1 Pieces (20–30 mg) of pristine date seed membrane (M  

10) were dried using an incubator at 400 rpm at 

50 ℃ for 24 h and then placed in a vacuum desiccator for 24 h. Thereafter, the samples were placed in 

15 mL of acetone, replaced 3 times a day. Finally, the samples were taken out and dried via the same 

protocol (using incubator and desiccator for 24 h). The weights of the samples were measured before 

and after the acetone treatment 
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Table S9. Various ionic liquids reported in the literature for dissolving cellulose and lignin. 

IL Cellulose 

source 

Temperature 

(°C) 

Solubility 

(wt.%)  

Lignin 

source 

Temperature 

(°C) 

Solubility 

(wt.%)  

Ref. 

[Emim]Cl Avicel  100 10 - - - 6 
[Bmim]Cl Avicel/ Pulp 

(1000 MW) 

100 20/10 Indulin 

AT/Softwoo

d lignin 

90/75 10/13 7,6,8 

[Pmim]Cl Avicel 100 1.5 - - - 6 
[Hexmim]Cl Avicel/ Pulp 

(1000 MW) 

100 6.5/5 - - - 6,8 

[Hepmim]Cl Avicel 100 5 - - - 6 
[Omim]Cl Avicel 100 4 - - - 6 
[Amim]Cl Pulp (650 MW) 80 14.5 Alkali lignin 90 30 7,6 
[Bmmim]Cl Pulp (286 MW) 90 9 - - - 6 
[Mmim][OAc] - - - Kraft lignin 90 >50 7 
[Emim][OAc] Avicel 110/100 15/8 Alkali lignin 90 30 7,6 
[Bmim][OAc] MCC/ Avicel 70/100 28.5/12 - - - 6 
[Amim][HCOO] MCC 85 22 - - - 6 
[Bmim][HCOO] MCC 70 12.5 - - - 6 
[Pyrr][OAc] - - - Kraft lignin 90 >50 7 
[Py][OAc] - - - Kraft lignin 90 >50 7 

 
 

Table S10. Tabulated data presented in Fig. 4a. MeCN permeance and rejection of valsartan (VS) for 

all membranes prepared with coating times of 1 h and 24 h (per layer) versus the number of PDA layers. 

Membrane Permeance (L m–2 h–1 bar–1) Rejection (%) 

M  
10 94.85 ± 2.44 0.33 ± 0.29 

M1 h 
1 PDA 59.10 ± 1.39 0.42 ± 0.07 

M1 h 
2 PDA 58.64 ± 1.82 0.73 ± 0.68 

M1 h
3 PDA 57.43 ± 1.46 0.81 ± 0.33 

M1 h
4 PDA 57.94 ± 2.02 1.31 ± 0.08 

M1 h
5 PDA 56.36 ± 1.41 5.74 ± 1.51 

M1 h
6 PDA 53.29 ± 1.44 9.23 ± 0.96 

M1 h
7 PDA 49.06 ± 1.11 14.56 ± 1.16 

M1 h
8 PDA 46.44 ± 1.68 26.94 ± 2.24 

M1 h
9 PDA 42.92 ± 1.16 39.83 ± 2.23 

M1 h
10 PDA 40.67 ± 1.20 49.22 ± 1.21 

M1 h
11 PDA 38.83 ± 1.95 61.45 ± 3.27 

M24 h 
1 PDA 30.31 ± 0.65 57.71 ± 1.68 

M24 h 
2 PDA 25.56 ± 1.97 70.57 ± 1.75 

M24 h
3 PDA 16.58 ± 1.05 77.09 ± 2.60 

M24 h
4 PDA 7.75 ± 0.20 83.12 ± 2.41 
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Table S11. Tabulated data presented in Fig. 4b. Rejection profile of all the prepared membranes in 

MeCN. 

Membrane Solute Molecular weight (g mol−1) Rejection (%) 

 

 

 

M  
10 

Styrene dimer 236.40 0.98 ± 0.23 

Estradiol 272.38 1.31 ± 1.03 

methyl orange 327.33 1.31 ± 0.23 

Losartan 422.92 1.97 ± 0.27 

Valsartan 435.52 1.44 ± 0.42 

Oleuropein 540.51 1.44 ± 0.27 

Acid fuchsin 585.54 1.48 ± 0.15 

Roxithromycin 837.05 2.24 ± 0.56 

Rose bengal 1017.65 2.89 ± 0.90 

M1 h
1 PDA 

Styrene dimer 236.40 0.90 ± 0.50 

Estradiol 272.38 1.67 ± 0.70 

methyl orange 327.33 4.58 ± 2.05 

Losartan 422.92 7.68 ± 2.46 

Valsartan 435.52 14.30 ± 2.26 

Oleuropein 540.51 18.52 ± 2.60 

Acid fuchsin 585.54 23.98 ± 3.03 

Roxithromycin 837.05 45.58 ± 3.28 

Rose bengal 1017.65 50.48 ± 3.20 

M1 h
11 PDA 

Styrene dimer 236.40 17.08 ± 2.36 

Estradiol 272.38 22.92 ± 2.35 

methyl orange 327.33 33.97 ± 1.53 

Losartan 422.92 57.87 ± 2.20 

Valsartan 435.52 62.31 ± 2.61 

Oleuropein 540.51 83.89 ± 1.86 

Acid fuchsin 585.54 90.46 ± 2.92 

Roxithromycin 837.05 100 

Rose bengal 1017.65 100 

M24 h 
1 PDA 

Styrene dimer 236.40 11.94 ± 2.07 

Estradiol 272.38 15.12 ± 3.19 

methyl orange 327.33 26.90 ± 2.31 

Losartan 422.92 52.15 ± 2.54 

Valsartan 435.52 57.67 ± 1.85 

Oleuropein 540.51 75.61 ± 3.18 

Acid fuchsin 585.54 84.61 ± 1.57 

Roxithromycin 837.05 97.52 ± 1.04 

Rose bengal 1017.65 100 

M24 h
4 PDA 

Styrene dimer 236.40 25.66 ± 1.82 

Estradiol 272.38 36.44 ± 1.75 

methyl orange 327.33 54.01 ± 2.61 

Losartan 422.92 80.91 ± 3.00 

Valsartan 435.52 82.07 ± 3.62 

Oleuropein 540.51 92.25 ± 2.53 

Acid fuchsin 585.54 95.95 ± 2.02 

Roxithromycin 837.05 100 

Rose bengal 1017.65 100 
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Table S12. Tabulated data presented in Fig. 4c. Permeance values of 𝐌  
𝟏𝟎, M1 h

11 PDA, and M24 h
4 PDA as a 

function of solubility parameters using various solvents. 

Membrane Solvent  δp,s −1 dm,s 
−2 Permeance (L m–2 h–1 bar–1) 

 

 

M  
10 

Toluene 4.88 3.38 ± 0.19 

EtOH 24.62 16.62 ± 1.30 

MEK 50.39 31.98 ± 1.27 

Acetone 84.55 52.14 ± 1.95 

MeCN 178.90 95.31 ± 1.12 

M1 h
11 PDA 

Toluene 4.88 1.62 ± 0.25 

EtOH 24.62 6.60 ± 0.53 

MEK 50.39 12.21 ± 0.59 

Acetone 84.55 22.27 ± 0.60 

MeCN 178.90 38.94 ± 0.77 

M24 h
4 PDA 

Toluene 4.88 0.76 ± 0.08 

EtOH 24.62 1.77 ± 0.10 

MEK 50.39 3.09 ± 0.16 

Acetone 84.55 4.44 ± 0.12 

MeCN 178.90 7.48 ± 0.09 
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Table S13. Literature comparison of various novel membranes for molecular separation in organic solvents. 

 

 

 

 

Year of 

publication 

Membrane 

materials 

Membrane 

type 
Solvents 

Process 

configuration  

MW/Solute/Rejection 

(g mol–1/–/%) 

Maximum permeance, 

(L m–2 h–1 bar–1) 

MWCO 

(g mol–1) 

Pressure 

(bar) 
Ref. 

2011 
Au NPs/CA ISA Ethanol Dead-end 

632/Bromothymol 

blue/82.5 
0.1 NA 10 9 

2014 
Nanopaper ISA THF Dead-end 

1000-13,000/PEG & 

Polystyrene/90 
0.1 3200 10 10 

2016 
Cellulose TFC Water Dead-end 

465/Amido black 

B10/73 
65 NA 4 11 

2017 TA/PAN ISA NMP Dead-end 696.7/ Congo red /88 0.09 800 20 12 

2017 
Cellulose ISA DMF Dead-end 

626/Remazol Brilliant 

Blue R/82 
0.21 NA 20 13 

2018 
Cellulose ISA Ethanol Dead-end 

624/Bromothymol 

blue/94 
0.3 NA 4 14 

2018 Cellulose/PEI TFC Methanol Dead-end 400/PEG/90 35.6 450 4.5 15 

2018 PA/cellulose TFC DMF Dead-end 617/Amido black/92 1.4 617 10 16 

2018 PA/cellulose TFC DMF Dead-end 327/Methyl Orange/90 2.4 330 10 17 

2018 
Cellulose/PDMS TFC Methanol Dead-end 

615/Bromopryrogallol 

red/>80 
4.2 650 8 18 

2019 Cellulose  ISA Ethanol Cross-flow 696/Congo red/90 6 696 0.2 19 

2019 Cellulose ISA DMSO Dead-end 973/Rose Bengal/93 0.067 NA 4–10 20 

2020 Alginate/PAN TFC Methanol  Dead-end 1355/Vitamin B12/98 1.27 1200 5–15 21 

2020 Hydroxyethyl 

cellulose/PP 
TFC Ethanol Cross-flow 

799.8/Methyl 

blue/95.4 
1.02 860 5 22 

 Date seed/PDA 
(M24 h

4 PDA) 
ISA Acetonitrile Cross-flow 585/Acid fuchsin /96 7.8 517 30 

This 

work 



 

 
Fig. S9. Biodegradation of 𝐌  

𝟏𝟎 (right), M1 h
11 PDA (middle), and M24 h

4 PDA (left) using cellulase (1.5 wt.% 

cellulase in 10 mL of phosphate buffer solution) at room temperature. 

 

 
Fig. S10. Biodegradation of the prepared membranes using cellulase (1.5 wt.% cellulase in 20 mL of 

DI water) at room temperature: PP support (1), M  
10 (2), M1 h

11 PDA (3), and M24 h
4 PDA (4). 
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Fig. S11. EDX mapping of the membranes’ cross section. 
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Fabrication of sustainable organic solvent nanofiltration membranes using 
cellulose–chitosan biopolymer blends 

Rifan Hardian a,1, Abdulaziz Alammar b,1, Tibor Holtzl c,d, Gyorgy Szekely a,b,* 

a Advanced Membranes and Porous Materials Center, Physical Science and Engineering Division, King Abdullah University of Science and Technology (KAUST), Thuwal, 
23955-6900, Saudi Arabia 
b Department of Chemical Engineering & Analytical Science, School of Engineering, The University of Manchester, The Mill, Sackville Street, Manchester, M1 3BB, United 
Kingdom 
c MTA-BME Computation Driven Chemistry Research Group, Department of Inorganic and Analytical Chemistry, Budapest University of Technology and Economics, 
Muegyetem Rkp. 3, Budapest, 1111, Hungary 
d Furukawa Electric Institute of Technology, Kesmark Utca 28/a, Budapest, 1158, Hungary   

A R T I C L E  I N F O   

Keywords: 
Organic solvent nanofiltration 
Separation 
Polymer 
Cellulose 
Chitosan 

A B S T R A C T   

Membrane technologies have emerged as a promising alternative to energy-intensive separation processes in 
various industrial sectors. To address the sustainability challenge associated with the fabrication of separation 
membranes, a paradigm shift from the use of petrochemical-based raw materials to greener biobased sources is 
highly desired. In this study, blends of cellulose — as a plant-based material — and chitosan — obtained from 
shrimp farming waste and used as a biomass material — were investigated for the fabrication of oil and solvent- 
resistant nanofiltration membranes. The structural, thermal, mechanical, and morphological properties of the 
prepared membranes were characterized. Molecular simulations were performed to study the fractional free 
volume and interaction energy among membrane constituents. Adjusting the cellulose–chitosan ratio allowed 
fine-tuning the molecular sieving properties of the membranes, which exhibited outstanding separation per-
formance and chemical stability even in harsh solvents, such as polar aprotic solvents, at the maximum tem-
perature of 100 ◦C. Cellulose membranes containing 25 wt% chitosan achieved the lowest molecular weight 
cutoff value of 413 g mol− 1 and a permeance of 24 L m− 2 h− 1 bar− 1 in acetonitrile. The membranes showed 
stable separation performance over 7 days of continuous cross-flow nanofiltration. Moreover, the cellulose 
membranes blended with 10–25 wt% chitosan showed decreased water permeance from 52 to 38 L m− 2 h− 1 

bar− 1 and increased oil-removal efficiency from 73.8% to 98.6%. Furthermore, the membranes successfully 
underwent biodegradation, confirming their potential to close the loop of the sustainable lifecycle of membranes 
from cradle to grave.   

1. Introduction 

Organic solvent nanofiltration (OSN) is an emerging separation 
technology, in which small organic molecules with molecular weights of 
100–2000 g mol− 1 are separated in organic media using a pressure- 
driven process [1]. The advances in the development of 
solvent-resistant membrane materials have prompted increasing indus-
trial interest in OSN, which can be used for separating diverse materials 
in various industrial sectors, such as petrochemicals, active 

pharmaceutical ingredients (APIs), dyes, and natural products. OSN 
membranes can be prepared from polymers via solvent evaporation, 
nonsolvent induced phase inversion, thermally induced phase separa-
tion, coating, or interfacial polymerization. Surface modification 
methods are common, in particular crosslinking of the polymer chains to 
improve the solvent-resistant properties of the membranes [2]. 

However, current OSN membranes manufactured using toxic sol-
vents and monomers as well as petrochemical derivatives and involving 
complex post-treatment modifications do not meet the proposed 
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sustainability requirements [3]. According to the United Nations’ Sus-
tainable Development Goals (UNSDGs), responsible consumption and 
production are crucial for environmental conservation, garnering 
increasing interest in the development of alternative materials to those 
based on petroleum. To realize green OSN membranes and promote 
their sustainability benefits, the membrane fabrication route should be 
simple and employ renewable and biodegradable materials [4]. Greener 
alternative to the common organic solvents used in membrane fabrica-
tion, such as N,N-dimethylacetamide (DMAc), N-methyl-2-pyrrolidone 
(NMP), or N,N-dimethylformamide (DMF), are highly desired [5,6]. 
However, unlike the increasing number of green solvents available for 
membrane fabrication, such as PolarClean [7,8], γ-valerolactone [9], 
decanoic acid [10], cyrene [11], dimethyl isosorbide [12], and Tami-
Solve [13], biopolymers have not yet been fully explored as alternative 
materials to fossil-derived polymers for OSN membrane preparation. 
Some recent examples of biobased materials include cellulose [14–16], 
date seed biomass [17], bioderived polyphenols [18,19], chitosan [20], 
and alginate [21]. 

Cellulose and chitosan biopolymers show potential as candidate 
materials for OSN membranes owing to their outstanding chemical 
stability, biodegradability, and abundant availability. Cellulose is 
among the most studied biopolymers in membrane development 
considering the successful large-scale application of its derivative cel-
lulose acetate (CA) in desalination [22]. However, CA-based membranes 
are unsuitable for OSN because they tend to dissolve in numerous 
organic solvents, particularly polar aprotic solvents. On the other hand, 
cellulose has superior solvent-resistant properties compared with CA, 
rendering it an ideal candidate for OSN membrane fabrication. Unfor-
tunately, cellulose is insoluble in many common solvents because of its 
strong hydrogen-bonded structure, hindering its direct use in cellulose 
membrane preparation. Another alternative biosourced polymer that 
exhibits excellent solvent-resistant properties is chitosan [23], which 
can be produced from biomass. For example, shrimp farming by the 
National Aquaculture Group in Al-Lith, Saudi Arabia, yields 50,000 tons 
of shrimp shell waste per year, from which 135 tons of chitosan are 
produced. 

However, pristine chitosan membranes show poor mechanical 
properties. This problem can be circumvented by blending chitosan with 
high-strength materials that exhibit a similar chemical structure, such as 
cellulose, thereby enhancing the physicochemical properties of the 
resultant products. The enhanced mechanical properties were a result of 
a compatible blending which form favorable entanglements and intra-
molecular interactions [24]. Interestingly, the synergistic effect of cel-
lulose and chitosan in their blends affords remarkable material 
properties such as high antibacterial activity, moisture absorption, and 
adsorption capacity toward dyes and metal ions [25]. 

Certain ILs such as 1-butyl-3-methyl-imidazolium chloride ([Bmim] 
Cl), 1-allyl-3-methylimidazolium chloride ([Amim][Cl]), 1-ethyl-3- 
methylimidazolium acetate ([Emim][AOc]), and 1-butyl-3-methylimi-
dazolium acetate ([Bmim][AOc]) can efficiently solubilize cellulose 
and chitosan [26–28]. Films prepared using cellulose–chitosan blends 
by employing the ionic liquid (IL) 1-ethyl-3-methylimidazolium acetate 
([Emim][AOc]) exhibited improved thermal stability compared with 
those prepared using only cellulose or chitosan [29]. To reduce the 
material cost, the use of aprotic cosolvents such as dimethyl sulfoxide 
(DMSO) enables enhancing the dissolution of cellulose, thereby 
reducing the time and temperature required for complete dissolution 
[30]. DMSO is considered greener than other polar aprotic solvents [31] 
and can be easily scale-up industrially [32]. Moreover, the addition of 
DMSO allows more efficient phase inversion process by lowering the 
viscosity of the casting solution [33], affording a reduced demixing time 
between the cosolvent and nonsolvent phases. 

Cellulose–chitosan blends have been investigated in the literature for 
various applications, including proton exchange membranes for fuel 
cells [34] and pollutant adsorption from wastewater [35]. However, to 
the best of our knowledge, no study has reported the use of 

cellulose–chitosan blends for OSN or the preparation of the blends using 
green solvents. Herein, nanofiltration membranes are successfully 
fabricated from cellulose–chitosan blends using a DMSO–[Bmim][OAc] 
solvent system and applied in OSN. The proposed fabrication process 
does not require post-treatment steps, relying exclusively on the direct 
mechanical mixing of the dope solution under ambient conditions, fol-
lowed by a simple phase inversion process in a water coagulation bath at 
room temperature (Fig. 1). 

2. Materials and methods 

2.1. Materials 

Microcrystalline cellulose (Avicel® PH-101, particle size: 50 μm), 
chitosan (medium molecular weight), lysozyme from chicken egg whites 
(40,000 units mg− 1, 90% protein), deionized water (resistivity: 18.2 
MΩ cm), 1-butyl-3-methylimidazolium acetate ([Bmim][OAc], 95%), N, 
N-dimethylformamide (DMF, 99.8%), N,N-dimethylacetamide (DMAc, 
99.8%), N-methyl-2-pyrrolidone (NMP, ≥99%), dimethyl sulfoxide 
(DMSO, ≥99.9%), dimethyl carbonate (DMC, 99%), tetrahydrofuran 
(THF, ≥99.9%), dichloromethane (DCM, ≥99.8%), 1,4-dioxane 
(99.8%), 1-butanol (99.8%), glycerol (≥99.5%), hexane (≥95%) and 
acetone (≥99.5%) were obtained from Sigma Aldrich. Methanol 
(≥99.9%), ethanol (≥99.5%), acetonitrile (≥99.9%), and toluene 
(≥99%) were purchased from Thermo Fisher Scientific. Cyclopentyl 
methyl ether (CPME, ≥99.5%), isopropanol (IPA, 99.5%) were obtained 
from Acros Organics. A polypropylene (PP) nonwoven support (Nova-
texx 2471) was purchased from Freudenberg Filtration Technologies SE 
& Co. KG. Sodium chloride (NaCl, ≥99%), calcium chloride (CaCl2, 
≥99%), magnesium chloride hexahydrate (MgCl2⋅6H2O, ≥99%), so-
dium sulfate (Na2SO4, ≥99%), sodium bicarbonate (NaHCO3, ≥99%), 
and hexadecyltrimethylammonium bromide (CTAB, ≥98%) were pur-
chased from Sigma Aldrich. Vegetable oil was obtained from a local 
market. 

2.2. Membrane fabrication 

Dope solutions were prepared by dissolving a total of 5 wt% cellulose 
and/or chitosan at different ratios in a cosolvent system comprising 
DMSO and [Bmim][OAc] at a 1:1 wt ratio. A pristine cellulose mem-
brane was also prepared as a reference and was designated as M5. The 
cellulose–chitosan blends with 90:10, 82:18, and 75:25 wt% were 
designated as M10 Cs

90 Cl , M18 Cs
82 Cl , and M25 Cs

75 Cl , respectively. The dope solution 
was mixed using an overhead stirrer at 80 rpm for 12 h and then placed 
in an incubator shaker at 350 rpm and 35 ◦C for 12 h to remove trapped 
air bubbles. Then, the dope solutions were cast on a PP nonwoven 
support using a casting knife (Elcometer 3700) with a gap of 250 μm and 
a casting speed of 0.04 m s− 1. The cast films were immediately immersed 
in a 10-L water coagulation bath at 21 ◦C for phase inversion for >24 h 
and then transferred to another water bath of 5 L for the complete 
removal of residual solvents. 

2.3. Membrane characterization 

For surface and cross-sectional analyses, scanning electron micro-
scopy (SEM; Nova NanoSEM 630) was performed at an acceleration 
voltage of 5 kV. To improve conductivity, the samples were spin-coated 
with a 4-nm-thick platinum layer using Quorum Q150TES. Energy- 
dispersive X-ray (EDX; Teneo SEM) spectroscopic mapping was per-
formed at an acceleration voltage of 15 kV. Atomic force microscopy 
(AFM; Bruker Dimension ICON SPM) was conducted with a standard 
tapping mode in air at 25 ◦C; the scanning area of 20 × 20 μm2 was used. 
The data were analyzed using the NanoScope Analysis software. The 
surface roughness of the prepared membranes was quantified in terms of 
the root-mean-square average roughness (Rq). Fourier transform 
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infrared (FTIR) spectra were obtained using an Alpha-P instrument 
(Bruker Instruments). An average of 32 scans was used to generate the 
spectra of the dried samples in air. X-ray photoelectron spectroscopy 
(XPS) measurements were caried out using a Kratos Axis Ultra DLD 
spectrometer equipped with a monochromatic Al Ka X-ray source (hν =
1486.6 eV) operating at 150 W, a delay line detector under a vacuum of 
~10–9 mbar, and a multichannel plate. All the spectra were recorded 
using an aperture slot of 300 × 700 μm. The collection of survey spectra 
was performed using a pass energy of 160 eV and a step size of 1 eV, 
whereas a pass energy of 20 eV and a step size of 0.1 eV were employed 
for the high-resolution spectra. For the XPS analysis, samples were 
mounted in the floating mode to avoid differential charging. Charge 
neutralization was required for all the samples. The pristine chitosan, 
cellulose, and cellulose–chitosan membranes were studied using ther-
mogravimetric analysis (TGA; TGA 550, TA Instruments) at a tempera-
ture ramp rate of 20 ◦C min− 1 from 25 ◦C to 800 ◦C in an N2 atmosphere. 
Hardness measurements were performed using a nanoindentation 
technique on a NanoTest Vantage instrument with a pyramidal diamond 
indenter. The hardness values were obtained using the average of four 
indentations per sample. The membrane samples were cut into pieces 
with dimensions of 1 × 1 cm2 and then adhered to a silicon wafer. A 
Kruss EasyDrop instrument was used to record the water contact angle of 
the membranes based on the sessile drop method and Young–Laplace 
fitting model. Before the measurement, the membranes were adhered to 
a glass plate using a double-sided tape. Five measurements were recor-
ded at different locations of the membrane to obtain the average contact 
angle value for each sample. Water (4 μL) was dropped on each mem-
brane, and the contact angle was measured after 5 s. The density of the 
membranes was determined using a Mettler Toledo density kit based on 
the buoyancy method applying Archimedes’ principle. Each membrane 
was weighted three times under both dry and isooctane solution con-
ditions. The chemical stability of the prepared membranes was evalu-
ated by placing square pieces (0.5 × 0.5 cm2) cut from the PP nonwoven 
support in various solvent (4.0 ± 0.5 mL) at room temperature in closed 
cap vials. Dynamic viscosity measurements were performed using an 
Elcometer 2300 RV viscometer (Elcometer Inc., USA). 

2.4. Molecular modeling 

The fractional free volume (FFV) of the membranes was calculated 
using the Materials Studio software. An amorphous cell was generated 
by considering the cellulose–chitosan ratio (wt%) and membrane den-
sity. COMPASII forcefield and 1 Å of Connolly radius were applied. 
Moreover, the interaction energies between the cellulose and chitosan 
chains were calculated using the GFN2-XTB method (implemented in 
the xTB program package), which was developed to yield accurate ge-
ometries and non-covalent interactions (NCIs) [36]. Whereas, the 
non-covalent interactions (NCI) were analyzed using the NCIplot pro-
gram [37]. The intermolecular interactions between the two chains were 
analyzed by adopting the promolecular approximation. Previous mo-
lecular dynamics simulation studies showed that the cellulose dissolved 
in ionic liquids exhibits a complex structure [38,39]. In the present 
work, the presence of chitosan and the DMSO cosolvent increase the 
complexity of the solute–solvent structure. We investigated the possible 
interactions in this structure using a model system composed of 
co-planarly arranged cellulose and/or chitosan chains, which comprises 
several different interactions due to the large model system (composed 
of 20 sugar units). 

2.5. Membrane performance 

Nanofiltration tests were conducted using a cross-flow membrane 
unit at various transmembrane pressures of 10–30 bar (ΔP), a feed flow 
rate of 15 L h− 1, and a cross-flow recirculation volume rate of 100 L h− 1 

at room temperature. The permeate was collected (Vpermeate), and the 
time required for the collection was recorded (t) after the steady state 
was reached. Typically, the membranes were conditions for 24 h before 
sample taking. The permeance of the organic solvents was calculated 
using Eq. (1), with an effective membrane area (A) of 53 cm2. Samples 
from the feed and permeate were collected to calculate the rejection of 
the solutes on the prepared membranes using the solute concentrations 
in the feed (Cf,solute) and permeate (Cp,solute), as shown in Eq. (2). As 
solutes in the feed stream, a total of nine dyes and APIs with different 
molecular weights were tested to determine the molecular weight cutoff 
(MWCO) of the membranes. The studied solutes were styrene dimer (SD, 

Fig. 1. Schematic representation of cellulose–chitosan membrane preparation. Cellulose and chitosan at different ratios (wt%) are dissolved in a dimethyl sulfoxide 
(DMSO)–1-butyl-3-methylimidazolium acetate ([Bmim][OAc]) cosolvent (1:1 wt ratio) to prepare a homogenous 5 wt% dope solution. The dope solution is cast, and 
the formed film is immersed in a water coagulation bath. The fabricated membranes were tested for solvent-resistant nanofiltration in various solvents. 
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236 g mol− 1), estradiol (ED, 272.38 g mol− 1), methyl orange (MO, 327 g 
mol− 1), losartan (LS, 423 g mol− 1), valsartan (VS, 435 g mol− 1), 
oleuropein (OR, 541 g mol− 1), acid fuchsin (AF, 586 g mol− 1), roxi-
thromycin (RT, 837 g mol− 1), and rose bengal (RB, 1017 g mol− 1). The 
concentrations of the dye and API solutes in the feed stream were 10 μM 
and 100 μM, respectively. The best performing membrane was evaluated 
for long-term continuous filtration for 7 days in acetonitrile. The re-
ported results are the average values of at least two independently 
prepared membranes. 

Permeance ⋅
(
L  m− 2 h− 1 bar− 1)=

Vpermeate

ΔP  A  t
Eq. (1)  

Solute  rejection ⋅ (%)=

(

1 −
Cp,solute

Cf,solute

)

× 100 Eq. (2) 

For oil-in-water filtration experiments, stable oil-in-water emulsions 
were prepared by high mechanical shearing using a surfactant as an 
emulsifier based on a previously reported procedure [40]. In a typical 
experiment, a salt-free oil-in-water emulsion was prepared by mixing 
0.5-g vegetable oil (1 g L− 1) with 20-mg CTAB surfactant in 0.5-L water 
using a T-18 IKA ULTRA-TURRAX system at 15,000 rpm for 5 min at 
25 ◦C. Salts were added to simulate the salinity of the produced water 
(Table S10). To maintain the size and stability of the emulsions con-
taining salts, the speed of the aforementioned system was increased to 
20,000 rpm for 12 min. The performance of the membranes was 
analyzed in the oil-in-water emulsions with and without salts. The 
regeneration of the membrane was studied based on filtration–cleaning 
cycles. In each cycle, filtration was performed for 30 h, followed by 
cleaning with water for 2 h. In total, three cycles of filtration–cleaning 
were performed. The oil-removal efficiency (RE) was calculated using 
Eq. (3): 

Oil − removal  efficiency  (%)=

(

1 −
Cp,oil

Cf,oil

)

× 100, Eq. (3)  

where Cp,oil and Cf,oil represent oil concentrations in the permeate and 

feed streams, respectively. 

2.6. Biodegradation test 

Lysozyme was selected for the biodegradation test because it is the 
most frequently used enzyme for chitosan biodegradation in the litera-
ture. This enzyme can hydrolyze β(1–4) linkages between the D-glucos-
amine and N-acetylglucosamine moieties of chitosan. Based on a 
previously reported procedure [41], an enzyme concentration of 1.7 mg 
mL− 1 at pH 7.2 was used for the biodegradation test. 

3. Results and discussion 

3.1. Membrane characterization 

The membranes comprising cellulose–chitosan blends at varying 
weight ratios were successfully prepared using DMSO–[Bmim][OAc] as 
a cosolvent mixture. Based on the TGA results (Fig. 2a), the membranes 
with a higher chitosan content were generally more thermally stable 
than the pristine cellulose membrane M5, as demonstrated by the higher 
decomposition temperature of the blend membranes (~350 ◦C) 
compared with M5 (300 ◦C). The release of adsorbed water from the 
atmosphere was more pronounced in M5 because the first step of the 
weight loss curve below 150 ◦C was steeper than those for the other 
membranes. The improved thermal stability of the membranes fabri-
cated using the cellulose–chitosan blends may be attributed to the 
entanglement of chitosan between the cellulose chains. The nano-
indentation test revealed the hardening of the blend membranes after 
increasing the chitosan content (Fig. 2b). Improving the membrane 
hardness affords enhanced mechanical properties, beneficial for filtra-
tion applications. 

The FTIR spectra of M5 as well as M10 Cs
90 Cl , M18 Cs

82 Cl , and M25 Cs
75 Cl were 

virtually indistinguishable because these samples are structurally 
composed of similar repeating units (Fig. 2c). The peaks at 3300, 2984, 
and 1316 cm− 1 were ascribed to intermolecular hydrogen bonding that 

Fig. 2. Structural characterization: (a) Thermogravimetric analysis curves, (b) nanoindentation results, (c–d) FTIR, (e) XPS wide and (f) narrow C 1s, (g) O 1s, and 
(h) N 1s spectra of M5, M10 Cs

90 Cl , M
18 Cs
82 Cl , and M25 Cs

75 Cl .
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corresponds to –OH, –CH2–, and –CO, respectively. A sharp peak at 
1158 cm− 1 indicated the presence of β-D-glucopyranosyl groups [42]. 
The peak at 1545 cm− 1, attributed to the free amino groups (–NH2) of 
chitosan, was negligible in the blended membranes, whereas it was 
clearly pronounced in the pure powder form of chitosan (Fig. 2d). 

The survey XPS spectra of the pristine cellulose powder, pristine 
chitosan powder, and cellulose–chitosan membranes indicated the 
presence of carbon and oxygen at binding energies of 284–289 and 
531–535 eV, respectively (Fig. 2e). As expected, the presence of nitrogen 
(N 1s) was only observed in the XPS spectra of the pristine chitosan 
powder and cellulose–chitosan membranes because nitrogen atoms are a 
part of the chitosan structure. The C 1s region was deconvoluted into 
three peaks at 287.7, 286.4, and 284.8 eV, corresponding to the O–C–O, 
C–OH/C–NH2, and C–C bonds, respectively (Fig. 2f). These peaks were 
detected in the XPS spectra of both cellulose and chitosan. The charac-
teristic C–N peak of chitosan could not be distinguished from the cel-
lulose because it was overlapped with the C–O peak. An oxygen peak (O 
1s) was clearly observed at 532.7 eV in all studied samples because it is 
present in both cellulose and chitosan polymer frameworks (Fig. 2g). A 
strong N 1s peak was detected at 399.4 eV in the chitosan powder 
spectrum, and its intensity gradually decreased as the chitosan content 
in the cellulose–chitosan membrane decreased (Fig. 2h). In contrast, this 
nitrogen peak was absent in the cellulose powder spectrum. 

Compared with M5, a relatively smooth and homogenous surface 

morphology was observed in all the cellulose–chitosan membranes, as 
shown in the SEM images (Fig. 3a–d). A higher magnification SEM im-
ages along with the EDX mapping are provided in Fig. S1. The surface 
roughness evolution was consistent with the AFM observations 
(Fig. 3i–l), based on which M25 Cs

75 Cl showed a smoother surface 
morphology with fewer wrinkles and surface features than the mem-
branes with a lower chitosan content (M10 Cs

90 Cl and M18 Cs
82 Cl ) and the pure 

cellulose membrane (M5). The Rq value of M5 was 103.3 ± 5.8 nm, 
whereas those of the cellulose–chitosan membranes gradually decreased 
from 47.7 ± 4.3 nm to 19 ± 4.7 nm with an increase in the chitosan 
content from 10 to 25 wt%. 

The EDX spectra and elemental mappings exhibited no considerable 
difference in the surface compositions of M5, M10 Cs

90 Cl , M18 Cs
82 Cl ,

and  M25 Cs
75 Cl , where both carbon and oxygen were clearly observed 

(insets of Fig. 3a–d and Fig. S1e–h). In contrast to the XPS spectra 
(Fig. 2c–f), the presence of nitrogen in the cellulose–chitosan mem-
branes was not detected by EDX. This is because the theoretical content 
of nitrogen in the structure of the cellulose–chitosan blends was negli-
gible (0.47–1.18 at%) compared with those of carbon (28.24–28.44 at 
%) and oxygen (22.35–23.22 at%) and within the detection limit of the 
EDX detector (1 at%). The effect of the chitosan content was also 
observed on the change in the water contact angle of the cellulo-
se–chitosan membranes (insets of Fig. 3a–d). The contact angle of M5 
was 39◦ ± 2◦, indicating hydrophilic properties owing to the presence of 

Fig. 3. Morphological investigation. Representative scanning electron microscopic images of the (a–d) top surface and (e–h) cross sections as well as (i–l) atomic 
force microscopic images of M5, M10 Cs

90 Cl , M18 Cs
82 Cl , and M25 Cs

75 Cl . The insets of Fig. 3a–d shows water contact angles each membrane. 
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the hydroxyl group in the cellulose membrane. The incorporation of 
chitosan initially increased the contact angle to 62◦ ± 1◦ in M10 Cs

90 Cl , 
which then decreased to 49◦ ± 1◦ in M25 Cs

75 Cl as the chitosan content 
increased. The contact angle is not only affected by the chemistry of the 
membrane, but also affected by the morphology (roughness) of the 
membrane. According to Wenzel’s model of surface wetting [43], a 
hydrophobic surface will become less hydrophobic when surface 
roughness is decreased. Indeed, this observation is in line with the AFM 
results (Fig. 3i–l), where the surface roughness decreased as the chitosan 
content increased, and in turn decreased the hydrophobicity. 

A macrovoid-free dense structure was observed in the cross-sectional 
SEM images of the pristine cellulose and cellulose–chitosan blend 
membranes (Fig. 3e–h). Notably, M5 was considerably thicker than the 
chitosan-containing membranes. However, the thick cross section of M5 
resulted from the self-detachment of the membrane from the PP support 
after drying, inducing a considerable shrinkage. Since the membrane 
shrank, they tend to stick together making it thicker membrane. 
Increasing the chitosan content from 10 to 25 wt% decreased the 
membrane thickness by approx. 31%, i.e., from 12.7 ± 3.2 μm for M25 Cs

75 Cl 
to 8.8 ± 1.4 μm for M10 Cs

90 Cl . The incorporation of chitosan into the 
polymer matrix increased the viscosity of the dope solution in the order 
3084 ± 10 mPa s for M10 Cs

90 Cl < 3259 ± 14 mPa s for M18 Cs
82 Cl < and 3620 ±

11 mPa s for M25 Cs
75 Cl compared with that of M5 (1539 ± 10 mPa s). 

Generally, an increase in the viscosity of the dope solution increased the 
membrane thickness owing to delayed or prolonged demixing time 
during the phase inversion process. However, in the present study, 
although the viscosity of the dope solution increased with increasing 
chitosan content, the membrane thickness decreased. This phenomenon 
can be related to the entanglement of chitosan chains in the cellulose 
matrix, yielding a more compact and thinner membrane. Further, the 
molecular modeling study revealed that the interactions between chi-
tosan and cellulose were stronger than those between the pristine 
polymers (Fig. 4), which can explain the observed increase in the 
viscosity. 

Based on the computational modeling results, the interaction energy 
of the cellulose–chitosan blends (− 327 kJ mol− 1) was higher than those 
of the cellulose–cellulose (− 198 kJ mol− 1) and chitosan–chitosan 
(− 162 kJ mol− 1) (Fig. 4). The NCI analysis provided a deeper insight 
into the nature of the interactions between the cellulose and chitosan 
chains. Since repulsive interactions showed no considerable differences, 
the interaction energies were mainly determined using attractive in-
teractions. Pronounced attractive interactions were observed in the 
presence of chitosan (Fig. 4b and c). Although nitrogen generally forms 
weaker hydrogen bonds than oxygen, the large favorable overlap of the 
chains because of the conformation change in the middle of the cellu-
lose–chitosan chain afforded strong attractions. Similar strong attrac-
tions were observed in the chitosan–chitosan system (Fig. 4b), although 

they were localized in a small domain near the end of the polymer 
chains; therefore, their contribution to the total interaction energy was 
relatively small. 

Since the overall polymer content in the dope solution was kept 
constant at 5 wt%, the observed decrease in the membrane thickness 
induced densification. The density of M5 was 1.3854 g cm− 3, and the 
density of the cellulose–chitosan membrane increased from 1.4129 to 
1.5596 g cm− 3 as the chitosan content increased from 10 to 25 wt% 
(Fig. 5). To further investigate membrane densification, fractional free 
volume (FFV) was calculated for the pure cellulose (Fig. 5a) and cellu-
lose–chitosan (Fig. 5b–d) structural models. As expected, the increase in 
the membrane density was accompanied by a decrease in the FFV. The 
fractional free volume of a polymer plays a pivotal role in governing the 
transport phenomena through polymer membranes. In this work, the 
fractional free volume was successfully controlled by adjusting the cel-
lulose–chitosan ratio. The simulated structural arrangement of cellulose 
and/or chitosan in the studied samples is shown in Fig. 5e–h. To better 
visualize the presence of nitrogen as a part of the chitosan structure in 
the cellulose–chitosan membranes, the simulated cells containing ni-
trogen atoms (blue) are shown in Fig. 5i–l. The increased number of 
nitrogen atoms represents the increased chitosan content in the cellu-
lose–chitosan membranes. 

3.2. Membrane performance and biodegradability 

As OSN membrane materials, the fabricated films must exhibit 
outstanding resistance toward various organic solvents. M5 and M25 Cs

75 Cl 
exhibited excellent stability in 25 representative organic solvents of 
various categories, including alcohols, esters, ketones, aromatic, al-
kenes, halogenated solvents, and polar aprotic solvents (Table S6). 
Moreover, the membranes were found to be stable in harsh solvents, 
such as DMF, even at a high temperature of up to 100 ◦C. 

The separation performance of the fabricated membranes was eval-
uated using a cross-flow nanofiltration setup and by employing various 
dyes and APIs in acetonitrile. A complete dataset of solutes used along 
with their molecular weight and rejection values are tabulated in 
Table S7. The solute rejection values monotonously increased with 
increasing chitosan content in the polymer blend, while the MWCO 
values decreased (Fig. 6a). For example, M25 Cs

75 Cl achieved the highest 
rejection of losartan (93%) with an MWCO of 413.5 ± 23 g mol− 1, an 
increase of 26% compared with the rejection of losartan (74%) achieved 
using M5 with an MWCO of 499 ± 16 g mol− 1. The membranes forming 
more open pore—M18 Cs

82 Cl and M10 Cs
90 Cl with MWCOs of 418.5 ± 13 and 

440.6 ± 17 g mol− 1, respectively—showed lower losartan rejection 
values of 92% and 89%, respectively, compared with M25 Cs

75 Cl . These re-
sults demonstrate that the separation performance in terms of the 
rejection profile and MWCO could be fine-tuned by adjusting the cel-
lulose–chitosan ratio. The mean pore size of the membrane was 

Fig. 4. Geometries, interaction energies, and non-covalent interaction analysis of (a) cellulose–cellulose, (b) chitosan–chitosan, and (c) cellulose–chitosan model 
systems. The 0.5 reduced density gradient isosurfaces are depicted next to the molecular geometries and are colored according to the diagrams on the right. 
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estimated to be 0.70, 0.66, 0.64, and 0.62 nm for M5, M10 Cs
90 Cl , M18 Cs

82 Cl , and 
M25 Cs

75 Cl , respectively (Fig. S1). However, the improvement in the rejec-
tion profiles achieved using tighter membranes with a higher chitosan 
content comes at a cost of decreased permeance. For instance, the M25 Cs

75 Cl 
membrane, which is denser than the other membranes, has less frac-
tional free volume (Fig. 5), corresponding to higher resistance to solvent 
transport and thus reduced permeance. A consistent decrease in per-
meance with increasing chitosan content was observed for all the tested 
solvents (Fig. 6b). Toluene, ethanol, methylethylketone, acetone, and 
acetonitrile were tested and their permeance values were tabulated in 
Table S8. For the best performing membrane (M25 Cs

75 Cl ), the flux increased 
linearly with an increase in the applied pressure from 10 to 30 bar, 
irrespective of the type of solvent used (Fig. 6c). Interestingly, increasing 
the solvent polarity increased the slope of the flux as a function of the 
applied pressure. This suggests that the flux through the membrane 
could be more easily controlled by adjusting the pressure in the case of 
solvents with a higher polarity. Although no obvious correlation was 
observed between other solvent properties, such as density, molecular 
volume, viscosity, and permeance (Figs. S3–S5), the solvent permeance 
increased with an increase in its polarity (Fig. S2). Further, the stability 
of the separation performance was investigated by subjecting M25 Cs

75 Cl to a 
long-term nanofiltration test. The membrane showed stable steady-state 
separation performance for continuous filtration for >7 days (Fig. 6d). 

During this long-term test, the acetonitrile permeance was constant at 
approx. 13 L m− 2 h− 1 bar− 1 and the rejection values of losartan and 
oleuropein typically remained constant at 92.88% ± 1.01% and 99.88% 

± 0.15%, respectively. 
The prepared membranes were further tested for oil-in-water emul-

sion separation, i.e. produced water treatment. To study the effect of 
salinity on the membrane performance, salts were added to the emul-
sions and the water permeance and oil-removal efficiency were 
compared with those obtained in the absence of salt (Fig. 6e and f). The 
water permeance of the salt-free emulsions was higher than that of the 
emulsions containing salts. Similarly, the oil-removal efficiency 
decreased in the presence of salts. Salinity caused the formation of a 
more stable oil-in-water emulsions by preventing the migration of sur-
factant molecules into the water phase [44]. In particular, the presence 
of salts enhances the association of surfactant molecules with oil at the 
oil–water interface, decreasing the oil–water interfacial surface tension, 
thereby hindering the separation. Thus, both the water permeance and 
oil-removal efficiency in the salt-free emulsions were higher than those 
in the emulsions containing salts. Further, the chitosan content in the 
membrane was found to be inversely proportional to the water per-
meance (Fig. 6e) and directly proportional to the oil-removal efficiency 
(Fig. 6f). M5 exhibited a high water permeance of 95.3 ± 3.2 L m− 2 h− 1 

bar− 1 and an oil-removal efficiency of 44% in the salt-free emulsions. 

Fig. 5. (a–d) Fractional free volume (FFV), (e–h) structural arrangement of cellulose and chitosan, and (i–l) nitrogen atom distribution in the observed cell for M5, 
M10 Cs

90 Cl , M18 Cs
82 Cl , and M25 Cs

75 Cl . The length of the cubic lattice is 21.400645 Å. 
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Blending the cellulose membrane with 10–25 wt% chitosan decreased 
the water permeance from 52.1 ± 2.3 to 38.1 ± 2.2 L m− 2 h− 1 bar− 1, 
whereas the oil-removal efficiency increased from 73.8% ± 1.8%– 
98.6% ± 0.5%, respectively. In a long-term oil-in-water emulsion sep-
aration test using the salt-containing emulsions, M25 Cs

75 Cl exhibited a sta-
ble oil-removal efficiency of approx. 97% for >30 h (Fig. 6g). Moreover, 
the oil-removal efficiency of the regenerated membrane typically 
remained unaltered for the next two cycles. The water permeance was 
observed to be 48.6 ± 1.5 L m− 2 h− 1 bar− 1 after the first 2 h, and 
decreased to 31.6 ± 1.1 L m− 2 h− 1 bar− 1 after 30 h. After the membrane 
was regenerated, the water permeance returned to its initial value 
(approx. 46 L m− 2 h− 1 bar− 1) and decreased again to approx. 31 L m− 2 

h− 1 bar− 1 after 30 h. The decrease in the water permeance after 
continuous testing can be attributed to fouling and pore blocking. The 
salt blocking of the membranes was overcome by washing with water for 
2 h to dissolve and wash away the salts. 

Finally, because membrane decomposition is important from an 
environmental perspective, the biodegradability of the membranes was 
evaluated using lysozyme at room temperature. The pristine cellulose 
and cellulose–chitosan membranes started to biodegrade within 14 
days, whereas the control PP support showed no sign of degradation 
(Fig. 6e). Owing to the ability of the enzyme to hydrolyze β(1–4) link-
ages between the D-glucosamine and N-acetylglucosamine moieties of 
chitosan, the membranes with a higher chitosan content were more 
prone to undergo biodegradation. 

4. Conclusions 

Sustainable nanofiltration membranes were fabricated using blends 
of cellulose and chitosan by employing a phase inversion process. The 
prepared membranes exhibited excellent separation performance in an 
MWCO range of 413–499 g mol− 1, which can be fine-tuned by adjusting 
the chitosan content from 10 to 25 wt%. The best performing membrane 
(M25 Cs

75 Cl ) exhibited a constant acetonitrile permeance of 13 L m− 2 h− 1 

bar− 1 and losartan and oleuropein rejection values of approx. 92.9% and 
99.9%, respectively, over 7 days of continuous cross-flow filtration. By 
controlling the chitosan content in the membrane matrix, the mem-
branes also exhibited tunable oil-in-water separation performance. M5 
showed a high water permeance of 95 L m− 2 h− 1 bar− 1 and an oil- 
removal efficiency of 44%, while M25 Cs

75 Cl showed a water permeance of 
38 L m− 2 h− 1 bar− 1 and an increased oil-removal efficiency of 98.6%. 
The blending of cellulose with chitosan improved both the thermal and 
mechanical properties of the membranes. In a molecular modeling 
study, the interaction energies obtained via the non-covalent interaction 
analysis revealed a synergistic effect of the biopolymer blend. Moreover, 
the cellulose–chitosan membranes underwent enzyme-assisted biodeg-
radation, where the biodegradation rate increased with increasing chi-
tosan content. Owing to their robust separation performance, chemical 
and thermal stabilities, and biodegradability, the developed membranes 
based on the cellulose–chitosan blends are environmentally friendly 
alternatives to fossil-based membranes for oil and solvent-resistant 

Fig. 6. Membrane separation performance and biodegradation. (a) Molecular weight cutoff (MWCO) profiles of the pristine cellulose and cellulose–chitosan polymer 
blend membranes. (b) Permeance of various solvents as a function of solubility parameters for all the prepared membranes. (c) Flux of various solvents at different 
operating pressures using the M25 Cs

75 Cl membrane. (d) Long-term nanofiltration test using the M25 Cs
75 Cl membrane and losartan and oleuropein solutes over seven days. (e) 

Water permeance and (f) oil-removal efficiency (RE) for oil-in-water emulsion separation. (g) Long-term oil-in-water emulsion separation performance of M25 Cs
75 Cl in 

the presence of salts. (h) Biodegradation test of the prepared membranes and the control polypropylene (PP) support. The nanofiltration tests are conducted in 
acetonitrile at 30 bar, unless otherwise stated. 
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nanofiltration. The use of abundantly available chitosan from shrimp 
farming waste provides a promising platform for the simultaneous waste 
management and fabrication of value-added products such as nano-
filtration membranes. 
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[19] M.H. Abdellah, L. Pérez-Manríquez, T. Puspasari, C.A. Scholes, S.E. Kentish, K. 
V. Peinemann, A catechin/cellulose composite membrane for organic solvent 
nanofiltration, J. Membr. Sci. 567 (2018) 139–145, https://doi.org/10.1016/j. 
memsci.2018.09.042. 

[20] S.-H. Park, C. Yang, N. Ayaril, G. Szekely, Solvent-resistant thin-film composite 
membranes from biomass-derived building blocks: chitosan and 2,5- 
furandicarboxaldehyde, ACS Sustain. Chem. Eng. 10 (2021) 998–1007, https://doi. 
org/10.1021/acssuschemeng.1c07047. 

[21] J.H. Aburabie, T. Puspasari, K.V. Peinemann, Alginate-based membranes: paving 
the way for green organic solvent nanofiltration, J. Membr. Sci. 596 (2020), 
117615, https://doi.org/10.1016/j.memsci.2019.117615. 

[22] S. Livazovic, Z. Li, A.R. Behzad, K.V. Peinemann, S.P. Nunes, Cellulose multilayer 
membranes manufacture with ionic liquid, J. Membr. Sci. 490 (2015) 282–293, 
https://doi.org/10.1016/j.memsci.2015.05.009. 

[23] Q. Long, Z. Zhang, G. Qi, Z. Wang, Y. Chen, Z.Q. Liu, Fabrication of chitosan 
nanofiltration membranes by the film casting strategy for effective removal of 
dyes/salts in textile wastewater, ACS Sustain. Chem. Eng. 8 (2020) 2512–2522, 
https://doi.org/10.1021/acssuschemeng.9b07026. 

[24] X. Xiong, J. Duan, W. Zou, X. He, W. Zheng, A pH-sensitive regenerated cellulose 
membrane, J. Membr. Sci. 363 (2010) 96–102, https://doi.org/10.1016/j. 
memsci.2010.07.031. 

[25] H.P.S. Abdul Khalil, C.K. Saurabh, A.S. Adnan, M.R. Nurul Fazita, M.I. Syakir, 
Y. Davoudpour, M. Rafatullah, C.K. Abdullah, M.K.M. Haafiz, R. Dungani, A review 
on chitosan-cellulose blends and nanocellulose reinforced chitosan biocomposites: 
properties and their applications, Carbohydr. Polym. 150 (2016), https://doi.org/ 
10.1016/j.carbpol.2016.05.028. 

[26] S. Zhu, Y. Wu, Q. Chen, Z. Yu, C. Wang, S. Jin, Y. Ding, G. Wu, Dissolution of 
cellulose with ionic liquids and its application: a mini-review, Green Chem. 8 
(2006) 325–327, https://doi.org/10.1039/b601395c. 

[27] J. Zhang, J. Wu, J. Yu, X. Zhang, J. He, J. Zhang, Application of ionic liquids for 
dissolving cellulose and fabricating cellulose-based materials: state of the art and 
future trends, Mater. Chem. Front. 1 (2017) 1273–1290, https://doi.org/10.1039/ 
c6qm00348f. 

[28] S.S. Silva, T.C. Santos, M.T. Cerqueira, A.P. Marques, L.L. Reys, T.H. Silva, S. 
G. Caridade, J.F. Mano, R.L. Reis, The use of ionic liquids in the processing of 
chitosan/silk hydrogels for biomedical applications, Green Chem. 14 (2012) 
1463–1470, https://doi.org/10.1039/c2gc16535j. 

[29] Y. Zhou, X. Luo, L. Huang, S. Lin, L. Chen, Development of ionic liquid-mediated 
antibacterial cellulose-chitosan films, J. Biobased Mater. Bioenergy 9 (2015) 
389–395, https://doi.org/10.1166/jbmb.2015.1537. 
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[31] R.K. Henderson, C. Jiménez-González, D.J.C. Constable, S.R. Alston, G.G.A. Inglis, 
G. Fisher, J. Sherwood, S.P. Binks, A.D. Curzons, Expanding GSK’s solvent selection 
guide – embedding sustainability into solvent selection starting at medicinal 
chemistry, Green Chem. 13 (2011) 854–862, https://doi.org/10.1039/ 
C0GC00918K. 

[32] S. Wang, W. Zhao, T.S. Lee, S.W. Singer, B.A. Simmons, S. Singh, Q. Yuan, 
G. Cheng, Dimethyl sulfoxide assisted ionic liquid pretreatment of switchgrass for 
isoprenol production, ACS Sustain. Chem. Eng. 6 (2018) 4354–4361, https://doi. 
org/10.1021/acssuschemeng.7b04908. 

[33] E.N. Durmaz, P. Zeynep Çulfaz-Emecen, Cellulose-based membranes via phase 
inversion using [EMIM]OAc-DMSO mixtures as solvent, Chem. Eng. Sci. 178 
(2018) 93–103, https://doi.org/10.1016/j.ces.2017.12.020. 

[34] S.A. Muhmed, N.A.M. Nor, J. Jaafar, A.F. Ismail, M.H.D. Othman, M.A. Rahman, 
F. Aziz, N. Yusof, Emerging chitosan and cellulose green materials for ion exchange 
membrane fuel cell: a review, Energy, Ecology and Environment 5 (2020) 85–107, 
https://doi.org/10.1007/s40974-019-00127-4. 

R. Hardian et al.                                                                                                                                                                                                                                

https://doi.org/10.1016/j.memsci.2022.120743
https://doi.org/10.1016/j.memsci.2022.120743
https://doi.org/10.1021/cr500006j
https://doi.org/10.1016/j.cej.2015.12.062
https://doi.org/10.1039/D0GC00775G
https://doi.org/10.1039/D1GC03318B
https://doi.org/10.1039/c4gc00701h
https://doi.org/10.1039/c4gc00701h
https://doi.org/10.1021/acssuschemeng.0c07119
https://doi.org/10.1021/acssuschemeng.0c07119
https://doi.org/10.1016/j.memsci.2020.118216
https://doi.org/10.1016/j.memsci.2020.118216
https://doi.org/10.1016/j.memsci.2018.12.051
https://doi.org/10.1016/j.memsci.2018.12.051
https://doi.org/10.1039/C8GC03652G
https://doi.org/10.1021/acssuschemeng.0c02320
https://doi.org/10.1021/acssuschemeng.0c02320
https://doi.org/10.1016/j.memsci.2021.120061
https://doi.org/10.1016/j.memsci.2021.120061
https://doi.org/10.1021/acssuschemeng.9b06496
https://doi.org/10.1021/acssuschemeng.9b06496
https://doi.org/10.1016/j.seppur.2021.119144
https://doi.org/10.1016/j.memsci.2019.117175
https://doi.org/10.1016/j.memsci.2019.117175
https://doi.org/10.1039/c4cc00467a
https://doi.org/10.1016/j.memsci.2017.09.080
https://doi.org/10.1016/j.memsci.2017.09.080
https://doi.org/10.1039/D1GC03410C
https://doi.org/10.1016/j.memsci.2018.02.055
https://doi.org/10.1016/j.memsci.2018.09.042
https://doi.org/10.1016/j.memsci.2018.09.042
https://doi.org/10.1021/acssuschemeng.1c07047
https://doi.org/10.1021/acssuschemeng.1c07047
https://doi.org/10.1016/j.memsci.2019.117615
https://doi.org/10.1016/j.memsci.2015.05.009
https://doi.org/10.1021/acssuschemeng.9b07026
https://doi.org/10.1016/j.memsci.2010.07.031
https://doi.org/10.1016/j.memsci.2010.07.031
https://doi.org/10.1016/j.carbpol.2016.05.028
https://doi.org/10.1016/j.carbpol.2016.05.028
https://doi.org/10.1039/b601395c
https://doi.org/10.1039/c6qm00348f
https://doi.org/10.1039/c6qm00348f
https://doi.org/10.1039/c2gc16535j
https://doi.org/10.1166/jbmb.2015.1537
https://doi.org/10.1007/s10570-020-03165-y
https://doi.org/10.1039/C0GC00918K
https://doi.org/10.1039/C0GC00918K
https://doi.org/10.1021/acssuschemeng.7b04908
https://doi.org/10.1021/acssuschemeng.7b04908
https://doi.org/10.1016/j.ces.2017.12.020
https://doi.org/10.1007/s40974-019-00127-4


Journal of Membrane Science 658 (2022) 120743

10

[35] S. Gopi, A. Pius, R. Kargl, K.S. Kleinschek, S. Thomas, Fabrication of cellulose 
acetate/chitosan blend films as efficient adsorbent for anionic water pollutants, 
Polym. Bull. 76 (2019) 1557–1571, https://doi.org/10.1007/s00289-018-2467-y. 

[36] C. Bannwarth, S. Ehlert, S. Grimme, GFN2-xTB—an accurate and broadly 
parametrized self-consistent tight-binding quantum chemical method with 
multipole electrostatics and density-dependent dispersion contributions, J. Chem. 
Theor. Comput. 15 (2019) 1652–1671, https://doi.org/10.1021/acs.jctc.8b01176. 

[37] R. Boto, F. Peccati, R. Laplaza, C. Quan, A. Carbone, J.-P. Piquemal, Y. Maday, 
J. Contreras-García, NCIPLOT4: A New Step towards a Fast Quantification of 
Noncovalent Interactions, 2020, https://doi.org/10.26434/chemrxiv.9831536.v2. 

[38] Y. Li, X. Liu, S. Zhang, Y. Yao, X. Yao, J. Xu, X. Lu, Dissolving process of a cellulose 
bunch in ionic liquids: a molecular dynamics study, Phys. Chem. Chem. Phys. 17 
(2015) 17894–17905, https://doi.org/10.1039/C5CP02009C. 

[39] R.S. Payal, S. Balasubramanian, Dissolution of cellulose in ionic liquids: an ab initio 
molecular dynamics simulation study, Phys. Chem. Chem. Phys. 16 (2014) 
17458–17465, https://doi.org/10.1039/C4CP02219J. 

[40] A. Alammar, S.-H. Park, C.J. Williams, B. Derby, G. Szekely, Oil-in-water 
separation with graphene-based nanocomposite membranes for produced water 
treatment, J. Membr. Sci. 603 (2020), 118007, https://doi.org/10.1016/j. 
memsci.2020.118007. 

[41] N. Islam, I. Dmour, M.O. Taha, Degradability of chitosan micro/nanoparticles for 
pulmonary drug delivery, Heliyon 5 (2019), E01684, https://doi.org/10.1016/j. 
heliyon.2019.e01684. 

[42] J. Brugnerotto, J. Lizardi, F.M. Goycoolea, W. Argüelles-Monal, J. Desbrières, 
M. Rinaudo, An infrared investigation in relation with chitin and chitosan 
characterization, Polymer 42 (2001) 3569–3580, https://doi.org/10.1016/S0032- 
3861(00)00713-8. 

[43] M. Ghasemlou, F. Daver, E.P. Ivanova, B. Adhikari, Bio-inspired sustainable and 
durable superhydrophobic materials: from nature to market, J. Mater. Chem. A. 7 
(2019) 16643–16670, https://doi.org/10.1039/C9TA05185F. 

[44] S. Chandrasekar, G.A. Sorial, J.W. Weaver, Dispersant effectiveness on oil spills – 
impact of salinity, ICES J. Mar. Sci. 63 (2006) 1418–1430, https://doi.org/ 
10.1016/j.icesjms.2006.04.019. 

R. Hardian et al.                                                                                                                                                                                                                                

https://doi.org/10.1007/s00289-018-2467-y
https://doi.org/10.1021/acs.jctc.8b01176
https://doi.org/10.26434/chemrxiv.9831536.v2
https://doi.org/10.1039/C5CP02009C
https://doi.org/10.1039/C4CP02219J
https://doi.org/10.1016/j.memsci.2020.118007
https://doi.org/10.1016/j.memsci.2020.118007
https://doi.org/10.1016/j.heliyon.2019.e01684
https://doi.org/10.1016/j.heliyon.2019.e01684
https://doi.org/10.1016/S0032-3861(00)00713-8
https://doi.org/10.1016/S0032-3861(00)00713-8
https://doi.org/10.1039/C9TA05185F
https://doi.org/10.1016/j.icesjms.2006.04.019
https://doi.org/10.1016/j.icesjms.2006.04.019


Supporting Information 
 

Fabrication of sustainable organic solvent nanofiltration 

membranes using cellulose–chitosan biopolymer blends 

 

Rifan Hardian,a# Abdulaziz Alammar,b# Tibor Holtzl,c and Gyorgy Szekelya,b,* 

 

a Advanced Membranes and Porous Materials Center, Physical Science and Engineering Division, 

King Abdullah University of Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia. 

b Department of Chemical Engineering & Analytical Science, School of Engineering, The University 

of Manchester, The Mill, Sackville Street, Manchester, M1 3BB, United Kingdom. 

c MTA-BME Computation Driven Chemistry Research Group, Department of Inorganic and 

Analytical Chemistry, Budapest University of Technology and Economics, Muegyetem rkp. 3, 

Budapest 1111, Hungary. 

# These authors contributed equally to this work. 

* Corresponding author. Email: gyorgy.szekely@kaust.edu.sa, gyorgy.szekely@manchester.ac.uk; 

Tel: +966128082769; Web: www.szekelygroup.com 

 

 

 

 

  



S2 

 

 

Table of Contents 

 

1. Material characterization................................................................................................................... S3 

2. Membrane performance .................................................................................................................... S5 

3. Pore size calculation ....................................................................................................................... S13 

4. References ....................................................................................................................................... S15 

 

 

List of Figures 

Fig. S1. Morphological investigation of the membranes ...................................................................... S4 

Fig. S2. Permeance of the membranes as a function of the solvent polarity index. ............................ S10 

Fig. S3. Permeance of the membranes as a function of the solvent density. ...................................... S10 

Fig. S4. Permeance of the membranes as a function of the solvent molecular volume. ..................... S11 

Fig. S5. Permeance of the membranes as a function of the solvent viscosity. .................................... S11 

Fig. S6. Pore size distribution of the membranes................................................................................ S15 

 

 

List of Tables 

 

Table S1. Theoretical elemental composition ....................................................................................... S3 

Table S2. Density and fractional free volume (FFV) of the prepared membranes ............................... S4 

Table S3. Hansen solubility parameters of the different organic solvents ............................................ S5 

Table S4. A breakdown of the solubility and physical parameters of the solvents used ...................... S6 

Table S5. Dynamic viscosity of DMSO, [Bmim][OAc], and DMSO/[Bmim][OAc] at 25 °C............. S6 

Table S6. Stability of pristine cellulose (M5) and M75 Cl
25 Cs in various organic solvents ......................... S7 

Table S7. Rejection profile of the prepared membranes in acetonitrile. ............................................... S8 

Table S8. Permeance of the prepared membranes as a function of solubility parameters .................... S9 

Table S9. Flux–pressure relation of various organic solvents for M75 Cl
25 Cs ............................................. S9 

Table S10. Applied composition of salts in the tested produced water .............................................. S12 

 

 
  



S3 

 

1. Material characterization 
 

Table S1. Theoretical elemental composition 

M5 

Element 
Atomic 

mass 
Number of atoms per monomer 

Molecular 

mass 

Atomic 

percent 

(at%) 

Weight 

percent 

(wt%) 

C 12 12 144 28.6 44.4 

N 14 0 0 0.0 0.0 

O 16 10 160 23.8 49.4 

H 1 20 20 47.6 6.2 

Total 42 324 100.0 100.0 

 

M90 Cl 
10 Cs  

Element 
Atomic 

mass 
Number of atoms per monomer 

Molecular 

mass 

Atomic 

percent 

(at%) 

Weight 

percent 

(wt%) 

C 12 12 144 28.4 44.5 

N 14 0.2 2.8 0.5 0.9 

O 16 9.8 156.8 23.2 48.4 

H 1 20.2 20.2 47.9 6.2 

Total 42.2 323.8 100 100 

 

M82 Cl 
18 Cs  

Element 
Atomic 

mass 
Number of atoms per monomer 

Molecular 

mass 

Atomic 

percent 

(at%) 

Weight 

percent 

(wt%) 

C 12 12 144 28.3 44.5 

N 14 0.36 5.04 0.8 1.6 

O 16 9.64 154.24 22.8 47.7 

H 1 20.36 20.36 48.1 6.3 

Total 42.36 323.64 100.0 100.0 

 

M75 Cl 
25 Cs  

Element 
Atomic 

mass 
Number of atoms per monomer 

Molecular 

mass 

Atomic 

percent 

(at%) 

Weight 

percent 

(wt%) 

C 12 12 144 28.2 44.5 

N 14 0.5 7 1.2 2.2 

O 16 9.5 152 22.4 47.0 

H 1 20.5 20.5 48.2 6.3 

Total 42.5 323.5 100.0 100.0 
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Table S2. Density and fractional free volume (FFV) of the prepared membranes visualized in Fig. 4 in 

the main manuscript. 

Membrane Density (g cm−3) FFV (-) 

M90 Cl 
10 Cs  1.4129 0.18 

M82 Cl 
18 Cs  1.4555 0.14 

M75 Cl 
25 Cs  1.5596 0.12 

 

 

 

Fig. S1. Morphological investigation. Representative scanning electron microscopic images of the (a–

d) top surface, (e–h) EDX mapping, and (i–l) cross sections images of M5, M
90 Cl 

10 Cs , M82 Cl 
18 Cs , and M75 Cl 

25 Cs . 
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2. Membrane performance 
 

Table S3. Hansen solubility parameters of different organic solvents used in this study [1]. DMSO: 

dimethyl sulfoxide, DMF: dimethylformamide, DMAc: dimethylacetamide, DMC: dimethyl carbonate, 

NMP: N-methyl-2-pyrrolidone, THF: tetrahydrofuran, PC: propylene carbonate, DCM: 

dichloromethane, CPME: cyclopentyl methyl ether, MEK: methyl ethyl ketone. 

Solvent 
δD 

(MPa0.5) 

δP 

(MPa0.5) 

δH 

(MPa0.5) 

Total Hildebrand 

parameter (HSP) 

DMSO 18.4 16.4 10.2 26.7 

DMF 17.4 13.7 11.3 24.9 

DMAc 16.8 11.5 10.2 22.8 

DMC 15.5 8.6 9.7 20.2 

NMP 18 12.3 7.2 23.0 

THF 16.8 5.7 8 19.5 

Cyrene 18.8 10.6 6.9 22.7 

γ-Valerolactone 15.5 4.7 6.6 17.5 

Glycerol 17.4 12.1 29.3 36.2 

Acetonitrile 15.3 18 6.1 24.4 

PC 20 18 4.1 27.2 

Ethyl acetate 15.8 5.3 7.2 18.2 

Ethyl lactate 16 7.6 12.5 21.7 

1-butanol 16 5.7 15.8 23.2 

Methanol 15.1 12.3 22.3 29.6 

Ethanol 15.8 8.8 19.4 26.5 

Isopropanol 15.8 6.1 16.4 23.6 

DCM 17 7.3 7.1 19.8 

Chloroform 17.8 3.1 5.7 18.9 

Toluene 18 1.4 2 18.2 

Hexane 14.9 0 0 14.9 

Heptane 15.3 0 0 15.3 

1,4-Dioxane 19 1.8 7.4 20.5 

Acetone 15.5 10.4 7 19.9 

CPME 16.7 4.3 4.3 17.8 

MEK 16.0 9.0 5.1 19.1 

Water 15.5 16 42.3 47.8 
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Table S4. A breakdown of the solubility and physical parameters of the solvents used in Fig. 5.[1] 

Solvent 

Molar 

diameter 

(dm, nm) 

Dynamic 

viscosity (, cP) 

at 25 °C 

δP 

(MPa0.5) 
δP −1 dm

−2 

Acetone 0.62 0.32 10.4 84.55 

Acetonitrile 0.55 0.34 18.0 178.90 

Ethanol 0.57 1.10 8.8 24.62 

MEK 0.66 0.41 9.0 50.39 

THF 0.25 0.46 5.7 198.26 

Toluene 0.70 0.59 1.4 4.88 

Water 0.28 0.89 16.0 229.30 

 

 

Table S5. Dynamic viscosity of DMSO, [Bmim][OAc], and DMSO/[Bmim][OAc] at 25 °C. 

Solvent Viscosity (mPa s) 

DMSO 2.4 ± 0.1  

[Bmim][OAc] 394.7 ± 6.0 

DMSO:[Bmim][OAc] (1:1) 24.0 ± 1.0 
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Table S6. Stability of pristine cellulose (M5) and M75 Cl 
25 Cs in various organic solvents at room temperature 

(23 °C). X indicates disintegration or the complete or partial solubility of the membrane, and ✔ indicates 

intact membranes without any change in the designated solvent. 

Solvent M5 M75 Cl 
25 Cs  

Polar aprotic 

DMSO ✔ ✔ 

DMF ✔ ✔ 

DMF @ 100 °C ✔ ✔ 

DMAc ✔ ✔ 

DMC ✔ ✔ 

NMP ✔ ✔ 

THF ✔ ✔ 

Cyrene ✔ ✔ 

γ-Valerolactone  ✔ ✔ 

Glycerol ✔ ✔ 

Acetonitrile ✔ ✔ 

PC ✔ ✔ 

Esters 

Ethyl acetate ✔ ✔ 

Ethyl lactate ✔ ✔ 

Alcohols 

1-butanol ✔ ✔ 

Methanol ✔ ✔ 

Ethanol ✔ ✔ 

Isopropanol ✔ ✔ 

Halogenated 

DCM  ✔ ✔ 

Chloroform  ✔ ✔ 

Aromatics 

Toluene ✔ ✔ 

Alkenes 

Hexane ✔ ✔ 

Heptane ✔ ✔ 

Ketones 

Acetone ✔ ✔ 

Ethers 

1,4-Dioxane  ✔ ✔ 

CPME ✔ ✔ 
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Table S7. Tabulated data for Fig. 5a. Rejection profile of the prepared membranes in acetonitrile. 

Membrane Solute 
Molecular weight 

(g mol−1) 

Rejection 

(%) 

 

M5 

Styrene dimer 236.40 21.83 ± 2.88 

Estradiol 272.38 26.46 ± 1.54 

methyl orange 327.33 37.55 ± 2.93 

Losartan 422.92 73.79 ± 3.07 

Valsartan 435.52 84.63 ± 2.43 

Oleuropein 540.51 93.55 ± 1.53 

Acid fuchsin 585.54 96.53 ± 1.73 

Roxithromycin 837.05 100 

Rose bengal 1017.65 100 

𝐌𝟗𝟎𝐂𝐥 
𝟏𝟎𝐂𝐬 

Styrene dimer 236.40 24.42 ± 2.22 

Estradiol 272.38 28.78 ± 1.83 

methyl orange 327.33 44.69 ± 2.36 

Losartan 422.92 88.8 ± 1.57 

Valsartan 435.52 89.6 ± 2.86 

Oleuropein 540.51 97.12 ± 1.77 

Acid fuchsin 585.54 99.16 ± 0.23 

Roxithromycin 837.05 100 

Rose bengal 1017.65 100 

𝐌𝟖𝟐𝐂𝐥 
𝟏𝟖𝐂𝐬 

Styrene dimer 236.40 29.77 ± 2.13 

Estradiol 272.38 37.35 ± 2.93 

methyl orange 327.33 55.06 ± 1.74 

Losartan 422.92 91.61 ± 2.34 

Valsartan 435.52 94.94 ± 2.39 

Oleuropein 540.51 97.82 ± 0.80 

Acid fuchsin 585.54 99.76 ± 0.35 

Roxithromycin 837.05 100 

Rose bengal 1017.65 100 

𝐌𝟕𝟓𝐂𝐥 
𝟐𝟓𝐂𝐬 

Styrene dimer 236.40 35.20 ± 2.57 

Estradiol 272.38 40.28 ± 1.82 

methyl orange 327.33 62.08 ± 2.64 

Losartan 422.92 92.88 ± 0.66 

Valsartan 435.52 98.19 ± 0.86 

Oleuropein 540.51 99.7 ± 0.42 

Acid fuchsin 585.54 100 

Roxithromycin 837.05 100 

Rose bengal 1017.65 100 
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Table S8. Tabulated data for Fig. 5b. Permeance of the prepared membranes as a function of solubility 

parameters using various solvents. 

Membrane Solvent  δp,s −1 dm,s
−2 Permeance (L m−2 h−1 bar−1) 

 

 

M5 

Toluene 4.88 4.69 ± 0.77 

EtOH 24.62 9.64 ± 1.52 

MEK 50.39 19.73 ± 2.03 

Acetone 84.55 32.59 ± 1.65 

MeCN 178.90 59.60 ± 2.50 

𝐌𝟗𝟎𝐂𝐥 
𝟏𝟎𝐂𝐬 

Toluene 4.88 2.53 ± 0.17 

EtOH 24.62 5.68 ± 0.62 

MEK 50.39 10.45 ± 1.22 

Acetone 84.55 18.22 ± 1.04 

MeCN 178.90 36.30 ± 1.53 

𝐌𝟖𝟐𝐂𝐥 
𝟏𝟖𝐂𝐬 

Toluene 4.88 2.25 ± 0.11 

EtOH 24.62 3.89 ± 0.60 

MEK 50.39 8.21 ± 0.61 

Acetone 84.55 13.64 ± 0.40 

MeCN 178.90 27.44 ± 1.21 

𝐌𝟕𝟓𝐂𝐥 
𝟐𝟓𝐂𝐬 

Toluene 4.88 1.64 ± 0.16 

EtOH 24.62 3.55 ± 0.26 

MEK 50.39 7.12 ± 0.33 

Acetone 84.55 12.64 ± 0.74 

MeCN 178.90 24.40 ± 1.31 

 

 

 

 

 

 

Table S9. Flux–pressure relation of various organic solvents for 𝐌𝟕𝟓𝐂𝐥 
𝟐𝟓𝐂𝐬. 

Solvent 
Flux (L m−2 h−1) 

10 bar 20 bar 30 bar 

MeCN 242.02 ± 13.94 491.49 ± 24.24 726.25 ± 35.51 

Acetone 124.47 ± 8.48 253.05 ± 18.98 367.01 ± 20.12 

MEK 68.92 ± 3.50 142.25 ± 4.28 212.51 ± 13.49 

EtOH 32.87 ± 3.68 71.05 ± 5.00 100.97 ± 5.00 

Toluene 15.94 ± 1.78 33.42 ± 3.30 33.42 ± 3.30 
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Fig. S2. Permeance of M5, M90 Cl 
10 Cs , M82 Cl 

18 Cs , and M75 Cl 
25 Cs  as a function of the solvent polarity index. 

 

 

Fig. S3. Permeance of M5, M90 Cl 
10 Cs , M82 Cl 

18 Cs , and M75 Cl 
25 Cs  as a function of the solvent density. 
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Fig. S4. Permeance of M5, M90 Cl 
10 Cs , M82 Cl 

18 Cs , and M75 Cl 
25 Cs  as a function of the solvent molecular volume. 

 

 

Fig. S5. Permeance of M5, M90 Cl 
10 Cs , M82 Cl 

18 Cs , and M75 Cl 
25 Cs  as a function of the solvent viscosity. 
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Table S10. Applied composition of salts in the tested produced water. 

Salt Concentration (g L−1) 

Sodium chloride 50 

Calcium chloride 16 

Magnesium chloride 8 

Sodium sulfate 2 

Sodium bicarbonate 1 
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3. Pore size calculation 
 

As suggested by Livingston et al. [2], the permeance of a solvent can be correlated using its physical 

properties. The acetonitrile diameter was calculated as follows: 

𝑑m = 2 ∙ (
3𝑉𝑚

4𝜋𝑁𝐴
)

1

3
,                          S1 

where Vm is the molar volume obtained from the solvent density, and NA is Avogadro’s number. The 

Hagen–Poiseuille equation defines the volumetric flux (Jv) through a membrane comprising uniform 

capillaries: 

l

Pr
J i

iv

0

2

,
8


=

,                           S2 

where  is the porosity, ΔP is the transmembrane pressure, l is the capillary length, 0 is the solvent 

bulk viscosity, and ri is the capillary radius. Next, using the pore flow rate (Qp,i), the flow through a 

pore of radius ri could be calculated as follows: 

l

Pr
Q i

ip

0

4

,
8

 
=

.                           S3 

The overall solute rejection could be calculated using the following equation: 

( )( ))exp(11
1

,,

,

ijeijcij

ijcij

ij
PK

K
R

−−−


−=

,                        S4 

where Φij is the partition coefficient, and λij is the ratio between the solute radius rs,j (the subindex for a 

solute is j) and pore radius ri (the subindex for a pore-size-class in the discrete method is i): 

( )21 ijij −=
,                           S5 

i

js

ij
r

r ,
=

.                                      S6 

Assuming that a steric interaction occurred between the solute and pore walls, the solute convective Kc,ij 

and diffusive Kd,ij hindrance factors were expressed as follows: 

( )( )32

, 44.0988.0054.012 ijijijijijcK  +−+−=
,                       S7 

32

, 224.0154.13.21 ijijijijdK  ++−=
.           S8 

The Peclet number (Pe,ij) characterizing the pore flow was defined as 
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The diffusivity Ds,ij of a solute of radius rs,j was calculated using the Stokes–Einstein equation: 

jsip

ijs
r

kT
D

,,

,
6

=

,                        S10 

where k is the Boltzmann constant and T is the temperature. The Wilke–Chang formula could be used 

to solve the above equation and estimate the solute’s diffusivity: 

6.0
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, 104.7
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where Msolv is the molecular weight (Mw) of the solvent molecule,  is a dimensionless solvent 

parameter, and Vm,j is the solute molar volume (in cm3 g mol−1). If the rejection value R(r) is a continuous 

function of the pore radius r, then PDF fR(r) is introduced to describe the pore size distribution: 

( )
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To calculate function f(r), the mean pore radius (r*) and its standard deviation () had to be estimated. 

For simplification, the distribution function was truncated to rmax: 

drrfrf
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The overall rejection value over the pore radii of 0 < r < rmax could then be calculated as 
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By implementing the above models, the mean pore size and its standard deviation could be fitted by 

minimizing the error. 
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Fig. S6. Pore size distribution of M5, M
90 Cl 

10 Cs , M82 Cl 
18 Cs , and M75 Cl 

25 Cs . 
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Chapter 8  

8. Conclusions and future perspectives 

The challenges and goals are defined by the UN’s SDGs on the global scale to achieve a 

sustainable economy. Focusing the efforts on non-thermal separation technologies that rely 

mainly on the materials to drive the separation is directly linked to most of the 17 SDGs. 

In recent years, materials science and nanotechnology provided researchers and engineers 

with an extended toolkit of advanced materials and characterisations to investigate and 

design materials at the molecular level. The research projects presented in this thesis show 

promising results to develop the next generation of separation materials for sustainable 

liquid-phase separations in harsh environments.   

The dilute concentration and high solubility of neonicotinoids in water make them 

challenging to separate, the available separation materials were not tailored to selectively 

scavenge these neonicotinoids, not efficient or mechanical unstable for continuous 

remediation. The addition of GO and PIM-1 into the CA matrix has substantially improved 

several performance metrics. The developed nanocomposite hydrogels exhibited a high 

adsorption capacity of 20 mg g–1, fast kinetics toward the studied neonicotinoids, and 

complete reusability via the ultrasonic regeneration process. Further, the adsorption process 

of the hydrogels was assessed using several green metrics such as the carbon footprint and 

the E factor.  

Another challenge is developing hydrophobic separation materials solely from sustainable 

resources, particularly crosslinked ultra-thin films, as most of the bio-based materials are 

hydrophilic in nature. Hydrophobic TFC membranes were successfully prepared via IP 

using sustainable materials such as priamine, TA and recycled PET from used plastic 

bottles as well as green solvents (p-Cymene, water). The prepared TFC membranes had 

high acetone permeance (13.7 L m–2 h–1 bar–1) and a low MWCO value of 235 g mol–1 as 

well as solvent-resistant properties.  

Furthermore, the upcycling of waste date seed biomass as raw material for biodegradable 

membrane fabrication was successfully demonstrated. This was enabled using a greener 

co-solvent system of 1-butyl-3-methylimidazolium acetate and dimethyl sulfoxide (i.e., 

[Bmim][OAc]:DMSO with a mass ratio of 1:1). A simple LBL coating of PDA was 

employed to tailor the molecular sieving properties of the prepared membranes. Increasing 
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coating time or adding more PDA layers improved the rejection efficiency and provided 

good structural stability compared to the pristine membrane. The best performing 

membrane featured respective permeances and MWCO of 8 L m–2 h–1 bar–1 and 517 g mol–

1, respectively. The oil removal efficiency was 97% with water permeance of 5.7 L m–2 h–

1 bar–1, maintained over seven days of continuous operation. The same methodology was 

applied to cellulose and chitosan in preparing solvent-resistant nanofiltration membranes. 

Herein, blending chitosan with cellulose resulted in a tight membrane with MWCO as low 

as 413.5 g mol–1, while maintaining high acetonitrile permeance of 12 L m–2 h–1 bar–1. All 

the prepared membranes exhibited outstanding chemical stability in various organic 

solvents including DMF at 100 °C. Both the date seed biomass and the blend of cellulose–

chitosan membranes showed biodegradability when treated with cellulase and lysozyme, 

respectively.  

Long-term filtration tests and industrially relevant concentrations were followed to improve 

the potential impact of the presented research. However, the gap between lab-scale and 

industrial-scale applications still exists, as additional important factors must be taken into 

consideration. The next step is to focus on the module and process design as well as the 

economics to take these separation materials closer to real-life applications. Close 

collaboration between academia and industry, focusing on standardising testing and 

preparation protocols for sustainable materials, will shorten the path from research to an 

industrial application. In addition, transitioning from the classical trial-and-error approach 

to train machine learning algorithms could facilitate membrane design, data standardisation 

and enable accurate performance prediction.
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