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A B S T R A C T   

The use of macromolecules, such as cyclodextrins (CDs), given their porosity and compatibility with organic 
materials, are very attractive for the progress of polymeric membranes in nanofiltration (NF) of aqueous dye 
solutions. Two types of membranes were fabricated. Firstly, β- and γ-CDs were incorporated to polyamide (PA) 
thin film composite (TFC) membranes. These membranes, named CD/MPD-TMC, were prepared by conventional 
interfacial polymerization —i.e., an aqueous solution of m-phenylenediamine (MPD) followed by a solution of 
trimesoyl chloride (TMC) in hexane— by replacing a certain amount of the MPD monomer with varying pro
portions of CDs. Secondly, two-step double-IP (TD-IP) membranes were fabricated as follows: CDs were deposited 
atop the polymer support, followed by addition of TMC —forming a polyester (PE) layer—, and subsequently the 
membrane surface was modified with MPD molecules. In both CD/MPD-TMC and TD-IP membranes, the pres
ence of CDs improved the membrane performance, the latter configuration leading to much higher water per
meances. The TD-IP membrane using β-CD achieved the highest water permeance of 10 L m− 2 h− 1⋅bar− 1 (LMH 
bar− 1) and a rejection of acridine orange dye (265 Da) greater than 98 %. This represents a 6-fold increase in 
water permeance compared to bare PA (1.6 LMH bar− 1). The enhanced water transport was mainly attributed to 
the more hydrophilic nature of the membranes and the presence of a PE layer with a porous structure and high 
pore connectivity. High dye rejection resulted from electrostatic and Donnan repulsions due to surface modifi
cation with MPD molecules.   

1. Introduction 

Production of fresh water has become a capital issue. World Eco
nomic Forum’s Global Risks 2015 report highlighted water scarcity as 
the major problem for humanity in the coming years and underlined the 
necessity of overhauling techniques available for fresh-water generation 
[1]. Climate change has led to a decrease of the available natural water 
supplies, and consequently modern societies depend on their technology 
to produce fresh water from distinct water sources [2]. High 
energy-efficiency water generation systems are required to make the 
process economically affordable and environmentally sustainable. Thus, 
membrane technology emerges as an ideal alternative for several water 

treatment applications. Nanofiltration (NF) is a mature 
membrane-based technology successfully applied in numerous water 
treatment applications. This includes the removal of divalent and 
trivalent salts [3], as well as low molecular weight organic compounds, 
such as pharmaceutical products [4], pesticides [5], and organic dyes 
[6], from water. Most NF membranes are thin film composite (TFCs) 
membranes, which consists of an ultrathin selective layer, typically 
polyamide (PA), on top of a porous polymeric support. The main role of 
this polymeric support is to provide mechanical stability while offering 
low resistance towards transport of molecules. The ultrathin PA layer is 
prepared by an interfacial polymerization (IP) process. The formation of 
this layer occurs at the interface between two immiscible solvents, each 

Abbreviations: NF, nanofiltration; TFC, thin film composite; TFN, thin film nanocomposite; PA, polyamide; PE, Polyester; AO, Acridine Orange; IP, interfacial 
polymerization; TMC, trimesoyl chloride; MPD, phenylenediamine; PI, polyimide; CD, cyclodextrin; WCA, water contact angle; SEM, scanning electron microscopy; 
TEM, transmission electron microscopy; AFM, atomic force microscopy; XPS, X-ray photoelectron spectroscopy; TD-IP, two-step double; Ra, average plane roughness; 
RMS, Root mean square; SD, standard deviation; Pd, palladium; NPs, nanoparticles; PEG, Polyethyleneglycol. 

* Corresponding author. Instituto de Nanociencia y Materiales de Aragón (INMA) CSIC-Universidad de Zaragoza, 50018 Zaragoza, Spain. 
** Corresponding author. Instituto de Nanociencia y Materiales de Aragón (INMA) CSIC-Universidad de Zaragoza, 50018 Zaragoza, Spain. 

E-mail addresses: jose.luque@unizar.es (J.M. Luque-Alled), ctellez@unizar.es (C. Téllez).  

Contents lists available at ScienceDirect 

Materials Today Sustainability 

journal homepage: www.journals.elsevier.com/materials-today-sustainability 

https://doi.org/10.1016/j.mtsust.2023.100593 
Received 19 June 2023; Received in revised form 22 September 2023; Accepted 16 October 2023   

mailto:jose.luque@unizar.es
mailto:ctellez@unizar.es
www.sciencedirect.com/science/journal/25892347
https://www.journals.elsevier.com/materials-today-sustainability
https://doi.org/10.1016/j.mtsust.2023.100593
https://doi.org/10.1016/j.mtsust.2023.100593
https://doi.org/10.1016/j.mtsust.2023.100593
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtsust.2023.100593&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Materials Today Sustainability 24 (2023) 100593

2

containing one monomer. The diffusion of one monomer into the solu
tion of the other monomer results in polymerization. As the polymer 
layer forms at the interface, it creates a dense layer that restricts the 
diffusion of monomers between solutions, thus inhibiting further 
growth. These IP reactions typically involve polycondensation reactions 
between a diamine monomer, typically m-phenylenediamine (MPD) or 
piperazine (PIP) dissolved in water, and trimesoyl chloride (TMC) 
monomer dissolved in hexane or toluene. The inverse order of addition 
of the phases in the preparation of PA has also been studied (i.e. organic 
phase first, then aqueous phase), being called inverse or reverse IP [7]. 

The addition of nanomaterials to TFC membranes to prepare what is 
known as thin film nanocomposite membranes is an active field of 
research. In fact, nanomaterials have a strong potential to improve the 
permeation properties of NF membranes. First Zeolite nanoparticles, and 
later metal-organic frameworks (MOFs), have gathered lots of attention 
due to their high porosity, well-defined pore size, controlled particle 
size, and high crystallinity [8,9]. 2D materials, e.g. graphene and its 
derivatives [10] or boron nitride [11], are of particular interest as they 
exhibit extremely high surface areas derived from their ultrathin nature. 
Porous organic macromolecules have rapidly emerged as promising 
candidates to constitute TFC membranes since they combine the 
attractive features of porous nanoparticles with characteristics of 
organic matter such as polymers, favoring their dispersibility and 
compatibility. Amongst these macromolecules, cyclodextrins (CD), cy
clic oligosaccharides, have been widely studied due to their unique 3D 
hollow bowl structure, high porosity, well-defined pore size, high 
crystallinity, and wide range of available options with distinct inner 
cavity sizes [12]. 

β-CD, with an empirical formula of C42H70O35, is made of seven 
molecules of glucose giving rise to a cavity diameter of up to 0.78 nm. It 
is the preferred choice for membrane applications since it is the most 
available and cost-effective option and possesses a hydrophobic inner 
cavity and numerous hydroxyl groups in the external surface (see 
Fig. 1a). These hydroxyl functional groups have the potential to improve 
the compatibility with the polymer chains and are also used for particle 
functionalization or for polymerization reactions [13–15]. Several 
studies report IP reactions between β-CD and acyl chloride monomers 
(typically TMC). These reactions occur after deprotonation of the hy
droxyl groups in β-CD resulting in the fabrication of TFC membranes 
containing macromolecules [16,17]. γ-CD (empirical formula 
C48H80O40) is made of eight molecules of glucose. While it shares many 
of the attractive features of β-CD, such as hydrophilicity, compatibility 
with polymers, and hydroxyl functional groups, γ-CD has a larger inner 
cavity diameter (0.95 nm, Fig. 1b) as compared to β-CD (0.78 nm, 
Fig. 1a). γ-CD has also been involved in the preparation of TFC and 
CD/MPD-TMC membranes [12,18], even though is not as popular as 

β-CD. 
In this work, to improve the NF performance of PA TFC membranes, 

β- and γ-CD macromolecules were incorporated using two different 
strategies (Fig. 2): i) preparation of CD/MPD-TMC membranes with 
different CD loadings, and ii) a two-step process where CDs were first 
deposited over the P84® support, reacted with TMC forming a polyester 
(PE) layer, and then the remaining functional groups on the surface were 
reacted with MPD resulting in what latter is called as “two-step double- 
IP (TD-IP) membranes”. The formation of these hybrid structures using 
two IP reactions at independent steps is new in the literature, while the 
use of non-functionalized cyclodextrin and polyimide support for 
aqueous separations is also scarce. Membrane characterization by water 
contact angle (WCA), scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), atomic force microscopy (AFM), fourier 
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), and X- 
ray photoelectron spectroscopy (XPS) were employed to reveal the 
morphology, wetting properties, and chemistry of pure TFCs, CD/MPD- 
TMC and TD-IP membranes. The prepared membranes were evaluated 
for NF of aqueous solutions containing acridine orange (AO) small dye 
(265 Da). 

2. Materials and methods 

2.1. Materials 

The following reagents were used for membrane preparation. 
β-cyclodextrin (β-CD) and γ-cyclodextrin (γ-CD) were supplied by 
Sigma-Aldrich. Other chemicals used for IP reaction, such as m-phe
nylenediamine (MPD, 99 %) and trimesoyl chloride (TMC, 98 %) were 
also supplied by Sigma Aldrich. n-Hexane (extra pure) was purchased 
from Scharlab. For the support preparation, polyimide P84® was pur
chased from HP polymer GmbH, dimethyl sulfoxide (DMSO, 99.8 %) 
was supplied by Carlo Erba, isopropyl alcohol (for HPLC, 99.9 %) was 
supplied from Honeywell, and polyethylene glycol (PEG 400) was ob
tained from Scharlab. In order to provide mechanical stability to the 
supports, a polypropylene non-woven (PP) was used as backing material 
supplied by Freudenberg Performance Materials. The rejection tests 
were evaluated using Acridine Orange (AO, 55 % of purity) as organic 
dye provided by Acros Organics, and Polyethylene Glycol (PEG) of 
different molecular weights (200, 400, 600, and 1500 Da) were acquired 
from Sigma Aldrich. 

2.2. Preparation of PI supports 

The polyimide P84® supports were prepared following a previous 
report [21]. A dope solution of 24 % (w/w) was prepared by dissolving 

Fig. 1. β-cyclodextrin (a) and γ-cyclodextrin (b) structures showing porosity, with C, O and H atoms in blue, red and black respectively. These structures were built 
with Diamond 3.2 from the corresponding CIF files [19,20]. 
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P84® in DMSO and stirring overnight. Once dissolved, the solution was 
allowed to stand until the air bubbles disappeared. Then, the solution 
was cast on a polypropylene non-woven backing material at a casting 
speed of 0.04 m s− 1 using a casting knife (Elcometer 4340 automatic film 
applicator) set at a thickness of 250 μm. Immediately after casting, the 
membrane was immersed in a deionized water bath at ambient tem
perature, where the phase inversion occurred. After 10 min, the mem
brane supports were transferred to a freshwater bath and left for 1 h. The 
wet supports were then immersed into two consecutive baths of iso
propyl alcohol, each for a duration of 1 h, to remove any remaining 
water or DMSO. Finally, the supports were submerged in a solution 
composed of a 3:2 vol ratio of polyethylene glycol (PEG) to isopropyl 
alcohol and were left overnight to allow the pores to be impregnated 
with the PEG. Then, the supports were dried with tissue paper and stored 
for later use. 

2.3. Preparation of membranes 

As shown in Fig. 2, two different types of PE/PA membranes were 
prepared, named CD/MPD-TMC and TD-IP membranes. 

For the preparation of CD/MPD-TMC membranes, two solutions 
were employed: i) an aqueous solution of 2 % (w⋅v− 1) of total monomer 
concentration (including both CDs and MPD) with varying CD/MPD 
ratios (0/100, 20/80, 50/50 and 100/0), and ii) an organic solution of 
0.1 % (w⋅v− 1) TMC in n-hexane. Once dissolved, a 16 cm2 support disk 
was placed in a glass filtration holder. For the interfacial polymerization 
reaction, 30 mL of the aqueous solution was poured over the support and 
left for 2 min. After this time, the excess of the aqueous solution was 
removed, and the membrane was drained using a rubber brayer roller. 
Then, 30 mL of TMC solution was added and left for 1 min. After that, 
the excess organic solution was poured away, and 10 mL of n-hexane 
was added twice to stop the reaction and to remove the unreacted TMC. 
Table 1 shows the CD/MPD-TMC membranes fabricated with different 
ratios of β-CD or γ-CD and MPD, while the concentration of TMC is fixed 
at 0.1 % (w⋅v− 1). When the CD/MPD ratio was 0/100 a conventional PA 
TFC membrane was formed, whereas when the CD/MPD ratio was 100/ 
0 a CD-based PE TFC was produced. 

For the preparation of TD-IP membranes, a PE layer was first formed, 
followed by reaction with MPD monomers. To begin with, an aqueous 

solution of 2 % (w⋅v− 1) of CD was poured over the PI support. After 2 
min, the solution was taken away and a rubber brayer roller was 
employed to remove remaining drops on the support surface. An organic 
solution of 0.1 % (w⋅v− 1) TMC was then added and left for 1 min to allow 
reaction with CDs and the formation of the PE. The organic solution was 
drained, and the support was left to dry inside of the fume cupboard at 
room temperature for 5 min (time at which it is assumed that all the n- 
hexane was evaporated from the membrane surface). Afterwards, an 
aqueous solution of 2 % (w⋅v− 1) MPD was poured over the membrane 
and removed after 2 min when reaction with TMC molecules is believed 
to be completed [21,22]. These membranes are referred in Table 1 as 

Fig. 2. Schematic diagram of membrane preparation of conventional one-step CD/MPD-TMC membranes (a) and two-step double-IP (TD-IP) membranes (b).  

Table 1 
Sum up of all membranes used in this work including details such as the prep
aration procedure, CD/MPD ratio used in the aqueous phase, and type of CD.  

Membrane code Preparation procedure CD/MPD ratio in 
aqueous phase 

Type of 
CD 

PAa Conventional IPb 0/100 – 
CD/MPD- 

TMC_20β 
Conventional IPb 20/80 β 

CD/MPD- 
TMC_50β 

Conventional IPb 50/50 β 

PE_βc Conventional IPb 100/0 β 
CD/MPD- 

TMC_20γ 
Conventional IPb 20/80 γ 

CD/MPD- 
TMC_50γ 

Conventional IPb 50/50 γ 

PE_γc Conventional IPb 100/0 γ 
TD-IP_β β-CD deposition/ 

inverse IP 
1st step: 100/0d 

2nd step: 0/100e 
β 

TD-IP_γ γ-CD deposition/ 
inverse IP 

1st step: 100/0d 

2nd step: 0/100e 
γ  

a PA corresponds to a conventional TFC membrane made of MPD and TMC. 
b Total monomer concentration of 2 % (w⋅v− 1) in the aqueous solution. For 

instance, CD/MPD ratio of 20/80, then 0.4 % of CD and 1.6 % of MPD in the 
aqueous solution. 

c PE refers to a TFC membrane made of CDs and TMC. 
d 1st step involves using a 2 % (w⋅v− 1) CDs aqueous solution for CD 

deposition. 
e 2nd step involves using a 2 % (w⋅v− 1) MPD aqueous solution for the inversed 

IP reaction. 
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TD-IP_β and TD-IP_γ where TD accounts for “two-step double”, and β or γ 
for the type of CD used. 

Right after membrane fabrication, all prepared membranes were 
introduced in an oven at 60 ◦C for 15 min to ensure cross-linking of the 
prepared selective layers. Finally, the membranes were stored in DI 
water in the fridge (4 ◦C) for testing within 48 h of preparation. 

2.4. Characterization techniques 

Surface and cross-sectional images of the membranes were observed 
by scanning electron microscopy (SEM) using an Inspect-F-50 micro
scope (FEI) operated at 10 kV. Cross-sectional specimen samples were 
prepared by freeze-fracturing inside liquid N2. All samples were 
mounted on metal holders and coated with palladium under vacuum 
conditions to provide electrical conductivity. 

Selective ultrathin cross-sectional membrane specimens were ob
tained by ultramicrotomy and imaged using a FEI Tecnai T20 micro
scope operated at 200 kV of accelerating voltage to investigate the 
membrane structure. An ultramicrotomy process was carried out to 
obtain ultrathin sections of 70 nm. First, the membranes samples un
dergo two different treatments: i) deposition of a thin layer (ca. 5 nm 
thick) of palladium (Pd) nanoparticles (NPs), and ii) immersion in an 
OsO4 solution (2 wt% in H2O) for 2 h at room temperature. Subse
quently, the samples treated with OsO4 were dehydrated using ethanolic 
solutions. Both Pd coated and OsO4 treated samples were embedded in 
EMBed 812 resin with the aid of a vacuum overnight. The resin was 
allowed to polymerize for 3 days at 60 ◦C. The cutting process was 
performed at room temperature using a diamond knife on a Leica EM 
UC7 ultramicrotome device at an angle of 6◦, at a step-size of 70 nm, and 
at a speed of 1 mm s− 1. The ultrathin sections were fished with a carbon 
300 mesh copper grids and left to dry for 24 h prior to imaging. 

Quantitative surface roughness analysis of the membranes was car
ried out using an atomic force microscopy (AFM) at a resonant fre
quency of 300 kHz with a force constant of 40 mN and a silicon 
cantilever provided by Bruker. The AFM device was a Veeco MultiMode 
8 scanning probe microscope in tapping mode. From these measure
ments, the average plane roughness (Ra) and the root mean square 
(RMS) parameters were determined. The scan size of each sample was 
10 μm × 10 μm. 

The hydrophobic/hydrophilic nature of the membrane was deter
mined using a contact angle goniometer (Krüss DSA 10 MK2)) at 25 ◦C. 
Three different specimens for each membrane were characterized to 
obtain water contact angle (WCA) average values with their corre
sponding standard deviation (SD). 

Powder X-ray diffraction (XRD) was performed at room temperature 
in an Empyrean PANalytical diffractometer with a Cu-Kα radiation 
source (λ = 1.5406 Å). Data were collected in the 2θ range from 2.5◦ to 
40◦ at a scanning rate of 0.01◦•s− 1. 

Attenuated Total Reflection Fourier Transform Infrared Spectros
copy (ATR-FTIR) was used to identify functional groups on the surface of 
the membrane. The spectra were recorded in the 600-2000 cm− 1 

wavenumber range with an accuracy of 4 cm− 1, using a Bruker Vertex 70 
FTIR spectrometer equipped with a deuterated triglycine sulphate de
tector and a Golden Gate diamond ATR accessory. 

The chemical structures of the TD-IP membranes were determined by 
XPS using an AXIS Ultra DLD system from Kratos Analytical with a 
monochromated Al Kα source (1486.6 eV) at 15 kV, 10 mA, and a power 
of 150 W. XPS spectra were analyzed using a CasaXPS software. 

2.5. Nanofiltration experiments 

Nanofiltration experiments were carried out at 20 bar of feed pres
sure under stirring at room temperature (25 ◦C) in a dead-end mem
brane module (Sterlitech HP4750). The membrane performance was 
evaluated using 250 mL of feed solution with an acridine orange (AO) 
concentration in DI water of 20 mg•L− 1. The flat membrane effective 

area was 2.27 cm2. All membranes were stabilized under 20 bar for 1 h 
before testing. The permeance and the rejection were calculated using 
the following equations: 

Permeance=
V

ΔP × A × t
(1)  

Rejection (%)=

(

1 −
Cpermeate

Cresidue

)

× 100 (2)  

where, V is the volume of collected permeate (L), ΔP is the pressure 
difference (bar) used in experiments between the residue and permeate, 
A is the effective area of the membrane (m2), t is the time for permeate 
collection (h). Both concentrations, permeate (Cpermeate) and residue 
(Cresidue), were measured by an UV spectrometer (Jasco V-670 spectro
photometer) using water as solvent at a fixed wavelength of 490 nm for 
AO. 

Molecular Weight Cut-Off (MWCO) experiments were conducted 
using independent PEG solutions in water with varying molecular 
weights (200, 400, 600, and 1500 Da), each at a concentration of 5 
g•L− 1. Quantification of PEG was carried out using high performance 
liquid chromatography (HPLC) equipped with an in-line degasser AF 
(Waters), a dual-piston pump (Waters 1515 isocratic HPLC pump) and a 
refractive index detector (Waters 2414). 5 μl of sample solutions were 
injected for each analysis. Sample solutions were analyzed using water 
as a mobile phase, a flowrate of 1.0 ml•min− 1 and a temperature of 
30 ◦C. 

3. Results and discussion 

3.1. Membranes characterization 

Fig. 3 shows top-view SEM images of the prepared membranes. In 
Fig. 3a, corresponding to a pure PA membrane, the expected nodular 
and ridge-and-valley morphologies are clearly visible [10]. In the case of 
β- and γ-CD/MPD-TMC membranes with a CD/MPD ratio of 50:50 
(Fig. 3b and c, respectively), the membrane surface seems very similar to 
that of pure PA membranes. Fig. 3d and e reveal the surface of TD-IP 
membranes (TD-IP_β and TD-IP_γ, respectively) where an unusual 
morphology, consisting of a number of round-shaped cavities, is 
observed. This sort of structure has been previously reported when 
forming polyarylate layers that were synthesized using CDs and TMC 
monomers [23]. Amongst TD-IP membranes, those with β-CD (Fig. 3d) 
show more prominent features as compared to those having γ-CDs 
(Fig. 3e). This suggests that the PE layer containing the CDs governs the 
morphology of the final membrane. During the formation of the PE layer 
polycondensation reactions between the hydroxyl groups in CDs (both β- 
and γ-) and the acyl chloride groups in TMC molecules take place (as will 
be proven by XPS). Later, MPD reacts with unreacted groups in TMC 
molecules in the PE layer. Owing to the organic nature of all the mem
brane components, which exhibit similar contrast under SEM, it is not 
possible to distinguish the presence of CD in any of the SEM images. 

Static WCA was used to study the wetting properties of the mem
branes (Fig. 4). A value of 60◦ was found for the pure PA layer, similar to 
that reported by other authors [18]. The addition of both β- and γ-CD 
decreased the WCA of the membrane, e.g. CD-TMC_20β and 
CD-TMC_20γ vs. PA. As the concentration of CD increased, the WCA of 
CD/MPD-TMC membranes dropped with the lowest WCA values for PE_β 
and PE_γ. This can be attributed to the strong hydrophilicity of the 
external surface of the CDs with a high concentration of hydroxyl groups 
[18,24]. TD-IP membranes are essentially PE (β- or γ-) membranes that 
have been modified with MPD molecules. This configuration showed 
higher WCA values as compared to their counterparts (PE_ β and PE_γ). 
However, as compared to control pure PA membranes, TD-IP mem
branes (both β- and γ-) have lower WCA, which can be attributed to both 
external hydrophilicity of the CD and presence of several pores with high 
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water sorption capacity. Amongst both types of CDs, the WCA values 
are, within the experimental error, very similar for membranes with 
equivalent loading of CDs, e.g. CD-TMC_20β and CD-TMC_20γ. The 
chemical composition of both CDs is analogous, and their pores should 
not have such a significant impact on the surface properties after the 
formation of the PE film, which explains their similar WCA behavior. 

XPS was employed to study the formation of the polymer structures 
by assessing how the atomic compositions evolved and which bonds 
were formed during all the steps of the TD-IP membrane fabrication. The 
following samples were analyzed: i) bare P84® support, ii) P84®-CD, 
which refers to the P84® support coated with β-CDs, iii) P84®-CD-TMC, 
which is produced by addition of TMC to P84®-CD and corresponds to a 
PE_β membrane, and iv) P84®-CD-TMC-MPD, formed by adding MPD to 
P84®-CD-TMC, known as a TD-IP_β membrane. Fig. 5 shows the high 
resolution C 1s spectra of all the samples tested. Fig. 5a, corresponding 
to P84®, shows three main peaks attributed to C–C/C=C at 284.5 eV, 
C–N at 285.5 eV, and C=O (including N–C=O and Ar–C=O bonds) at 

287.9 eV, as well as a satellite peak arising from the presence of aromatic 
structures, i.e. π-π* [25,26]. The deposition of β-CD on top of P84® is 
depicted in the spectrum corresponding to P84®-βCD (Fig. 5b) as a new 
peak at 286.2 eV that arises from the presence of abundant C–O bonds in 
β-CD [27,28]. However, that peak appears to vanish in the 
P84®-βCD-TMC spectrum (Fig. 5c) because ester functional groups 
(C=O peak at 287.7 eV) are formed due to the nucleophilic substitution 
reactions between hydroxyl groups in β-CD and acyl chloride groups in 
TMC. The formation of a PE layer is promoted at basic pH, while the 
β-CD solution used in this study has a pH of ~7–8. Hence, some acyl
chloride groups are likely to remain unreacted, and they can participate 
in additional reactions with stronger nucleophiles, such as amine groups 
in MPD molecules [29]. The high resolution C 1s spectrum of 
P84®-βCD-TMC-MPD (Fig. 5d) is very similar to that of P84®-βCD-TMC 
since MPD molecules also contain C=C and C–N bonds, and the for
mation of the polyamide (i.e. N–C=O) contributes to the C=O peak. 

The atomic percentages together with their corresponding C/N and 

Fig. 3. Surface SEM micrographs of PA membrane (a), CD/MPD-TMC_50β (b), CD/MPD-TMC_50γ (c), TD-IP_ β (d), and TD-IP_γ (e).  
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C/O ratios for all samples are shown in Table 2. The deposition of β-CDs 
(C42H70O35) having abundant hydroxyl groups results in a decrease of 
the C/O ratio, i.e. values of 4.3 and 3.6 for P84® and P84®-βCD, 
respectively. In P84®-βCD-TMC, the addition of TMC (C6H3(COCl)3) and 
its reaction with CDs leads to a slight rise in the C/N (value of 17.0) in 
comparison with that of P84®-βCD (with a value of 16.3). A significant 
increase in C/O ratio is observed for P84®-βCD-TMC-MPD (value of 5.9) 

as compared to P84®-βCD-TMC (value of 3.6), which can be attributed 
to the incorporation of carbon atoms coming from MPD molecules 
(C6H4(NH2)2). This suggests that MPD molecules react with unreacted 
acyl chloride functional groups in P84®-βCD-TMC. In addition, after 
incorporation of MPD, a lower C/N ratio of 15 is found (compared to 17 
for P84®-βCD-TMC) due to the abundance of nitrogen atoms in the 
amine monomer MPD. 

To study the topography of the membrane surface, AFM measure
ments were conducted, and the corresponding 2D and 3D images 
together with their Ra and RMS parameters are shown in Fig. 6. The pure 
PA membrane exhibited RMS and Ra values of 81 nm and 62 nm, 
respectively, which were similar than typical values reported for PA in 
bibliography [18]. Compared to this membrane, the TD-IP_β membrane 
exhibited a smoother surface with RMS and Ra values of 42 nm and 30 
nm, respectively, likely due to the formation of a β-CD-based PE layer 
that results in flatter membranes than pure PA TFC membranes [30,31]. 
The roughness of CD/MPD-TMC_50β and CD/MPD-TMC_50γ 

Fig. 4. WCA of all prepared membranes along with their corresponding stan
dard deviation. 

Fig. 5. XPS high resolution C 1s spectra of P84® support (a), and membranes P84®-βCD (b), P84®-βCD-TMC (c), and P84®-βCD-TMC-MPD (d).  

Table 2 
C/N and C/O ratios of membranes obtained by XPS analysis.  

Sample at.% 
C 

at.% 
N 

at.% 
O 

C/N 
ratio 

C/O 
ratio 

P84® 77.3 5.6 18.1 13.8 4.3 
P84®-βCD 74.8 4.6 20.6 16.3 3.6 
P84®-βCD-TMC (CD- 

TMC_100β) 
74.9 4.4 20.7 17.0 3.6 

P84®-βCD-TMC-MPD (TD- 
IP_β) 

80.9 5.4 13.8 15.0 5.9  
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membranes was also analyzed by AFM (images shown in Figure S1). 
Their roughness parameters are included in Fig. 6c for comparison with 
pure PA TFCs and TD-IP membranes. The incorporation of CDs reduces 
the surface roughness as compared to pure PA TFC membranes. This 
finding confirms our previous observation, i.e. the PE formation is 
characteristically smoother than that of PA layer. 

Figures S2 and S3 show the ATR-FTIR analysis of the prepared 
membranes together with the spectra of pure β/γ-CDs. Despite the 
presence of peaks corresponding to both CDs are observed in the spectra 
of CD/MPD-TMC and TD-IP membranes, it should be noted that P84® 
also exhibits peaks at the same wavenumbers [32,33]. Due to the similar 
chemical nature of P84®, PE and PA, little information can be inferred. 
The main peaks of P84® (at 720, 1380, and 1713 cm− 1) exhibit reduced 
intensity compared to PA, CD/MPD-TMC, PE, and TD-IP membranes. 
Though the peak at 1080 cm− 1 maintains a similar intensity for all 
membranes, the shape of this peak in P84® notably differs from the 
other membranes. This suggests the formation of a PE, a PA, or a 

combination of both on top of the P84® support. Yet, differentiating 
between PE and PA is challenging, given their inherent similarities. The 
PE and PA layers are much thinner as compared to the P84® support. 
Consequently, the peaks from the P84® support dominate the ATR-FTIR 
spectra of the membranes, resulting in a very diminished signal from the 
PE or PA layers. 

The X-ray diffraction (XRD) patterns of selected membranes are 
shown in Figure S4. The pattern of PA membrane is very similar to that 
of the TD-IP membranes and peaks corresponding to CD cannot be 
identified. Even if CDs are crystalline materials, the lack of their peaks in 
the XRD patterns is in line with the SEM observation suggesting that the 
CD was evenly distributed without forming particles that could be 
detected by this technique. In addition, the amorphous nature of the 
P84® leads to a prominent background signal which hinders obtaining 
useful information. 

Fig. 7 presents TEM images of PA TFC (a, b, and c) and TD-IP_β 
membranes (d). Two different TEM specimen treatments were 

Fig. 6. AFM images of PA membrane (a1 and a2) and TD-IP_β membrane (b1 and b2) and sum up of the roughness parameters for PA, CD/MPD-TMC_50β, CD/MPD- 
TMC_50γ and TD-IP_ β membranes. a1) and b1) have different scale bar on the z-axis in order to clearly see the voids in the membrane surface. a2) and b2) images 
have the same scale bar on the z-axis to see the lower roughness of TD-IP_ β membrane. 

C. Pina-Vidal et al.                                                                                                                                                                                                                             



Materials Today Sustainability 24 (2023) 100593

8

conducted to help identify the PA layer: i) coating with Pd NPs, and ii) 
immersion in an OsO4 solution. After depositing Pd NPs onto the PA 
surface (Fig. 7a and b), the contrast is greatly enhanced, allowing for 
clear differentiation of the profile of the PA layer. In addition, this also 
enables the measurement of the height of the protuberances, approxi
mately 50 nm. After treating the samples with OsO4, enhanced contrast 
is observed for both the P84® support layer and the PA layer. OsO4 
reacts with carbon-carbon double bonds in the polymer structure, 
intensifying the contrast under TEM for both PI and PA containing these 
functional groups. Thus, the PA layer can be distinctly identified, and 
the presence of nodules within this layer are clearly visible (Fig. 7c). 
While a thickness of approximately 100 nm is identified, this measure
ment includes the nodules, which are filled with empty space. Conse
quently, the actual thickness is probably much lower. On the contrary, 
Fig. 7d, corresponding to TD-IP_β membranes treated with OsO4, reveals 
no distinguishable thin layer. Instead, a polymer layer with discrete 
pores directly beneath the surface is identified atop the P84® support. 
This morphology agrees with that shown in the SEM images (Fig. 3d), i. 
e. existence of abundant shallow cavities near the surface. To under
stand the structure of TD-IP_β membranes, it is required to examine the 
membrane formation process. As a result, the following mechanism is 
proposed: i) P84® supports are coated with CDs, ii) when the n-hexane 
solution containing TMC is added, hydrophilic CDs have a tendency to 
agglomerate with the aim of reducing their contact area with the 
nonpolar organic solution, iii) as TMC molecules encounter CDs, 
attractive electronic interactions and polycondensation reactions take 
place between them leading to the formation of a PE layer, and iv) when 
an aqueous solution of MPD is added, the amine molecules react with 

unreacted acyl chloride groups in the TMC molecules. 

3.2. Membranes performance 

The small dye AO (265 Da) was chosen to assess the NF performance 
of the membranes prepared. The water permeance and AO dye rejection 
of the prepared membranes is shown in Fig. 8. Pure PA membranes 
showed a water permeance of 1.6 ± 0.7 L•m− 2•h− 1⋅bar− 1 (LMHbar− 1) 
and a AO dye rejection of 99.2 %, similar to that found by other authors 
[34]. The formation of CD/MPD-TMC membranes improved the mem
brane water permeance due to the hydrophilicity and porous structure of 
the macromolecules [17]. Both β- and γ-CDs are often referred as hy
drophilic materials due to the abundant hydroxyl functional groups in 
their external surface, but their inner cavities exhibit hydrophobic 
properties that account for the existence of low-friction inter-connected 
channels through which water molecules easily pass [35]. 
CD/MPD-TMC membranes prepared with γ-CD led to higher water 
permeance than those prepared with β-CD, which can be attributed to 
the larger inner diameter of the γ phase (0.78 nm for β-CD and 0.95 nm 
for γ-CD [36]) and therefore lower hindrance towards water transport. 
When using γ-CDs and a CD/MPD ratio of 20/80, i.e. CD/MPD-TMC_20γ, 
a water permeance of 3.2 ± 0.1 LMH•bar-1 was achieved. This is the 
highest value among all CD/MPD-TMC membranes obtained in this 
work, and it is twice as high as that of the control PA membrane. The 
rejection of both CD/MPD-TMCs and the control PA membrane remain 
always at very high values (>99 %). 

When a CD/MPD ratio of 100/0 is used, PE_β and PE_γ membranes 
are fabricated due to polycondensation reactions between hydroxyl 

Fig. 7. Cross-sectional TEM images of PA TFC membranes over P84® (a, b, and c), and TD-IP_β (d). Panels a–b correspond to PA TFC membranes that have been 
coated with a thin layer of Pd NPs (ca. 5 nm). Panels c–d correspond to pure PA TFC and TD-IP_β membranes, respectively, treated with OsO4 solution. 
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groups in CDs and acyl chloride groups in TMC molecules. Under the 
current conditions of synthesis (neutral pH and room temperature), IP 
reactions between CD and TMC are not much favored; deprotonation of 
hydroxyl groups present in CDs is required at high pH to accelerate 
polycondensation reactions. Then, the synthesized PE_β and PE_γ layers 
show remarkably high water permeance but unsatisfactory rejection of 
AO dye (<85 %). This is attributed to incomplete cross-linking of the PE 
layer and loose polymer chain packing. 

Both TD-IP_β and TD-IP_γ membranes achieved much higher water 
permeance than the control PA and CD/MPD-TMC membranes, reaching 
values of 10.0 ± 3.1 and 8.4 ± 3.9 LMH•bar− 1, respectively. These 
values represent a more than 6-fold increase in water permeance as 
compared to the control PA membrane, and more than 3-fold increase as 
compared to the best performing CD/MPD-TMC membrane. TD-IP 
membranes are essentially PE (β/γ) membranes where the surface has 
been modified with MPD. TD-IP_β and TD-IP_γ membranes showed AO 
dye rejections of 98.5 % and 98.6 %, respectively. These rejection values 
are much higher than those observed for the PE_β and PE_γ (AO rejection 
<85 %). This suggests that the incorporation of MPD monomers acts as a 
“curing agent” and seals the defects of the PE sublayer. According to 
SEM and TEM analysis, TD-IP membranes present a porous structure 
where the selective layer is believed to be present in the vicinity of the 
pores, otherwise dye rejection above 98 % could not be achieved. Fig. 8 
shows that this particular membrane structure is capable of achieving 
large water permeances, probably due to the high pore connectivity. It is 
hypothesized that the formation of a PE sublayer, which is loose and 
very permeable, acts as a “gutter layer” for the selective layer that is 
synthesized on top of the PE via inversed IP with unreacted TMC mol
ecules and MPD molecules. 

The MWCO of the membranes was examined using PEG solutions of 
200, 400, 600 and 1500 Da (Fig. 9) to assess the membrane rejection of 
neutral molecules, and consequently, their molecular sieving capabil
ities. The pure PA TFC exhibits a MWCO of around 400 Da, which is 
consistent with a highly cross-linked PA layer having strong molecular 
sieving effects [37]. Both TD-IP_β and TD-IP_γ membranes show mod
erate rejection across all PEG solutions, including the highest molecular 
weight PEG of 1500 Da. This suggests that the size exclusion perfor
mance of the TD-IP membranes is reduced compared to that of the pure 
PA membrane suggesting poor sieving effects of the PE layer containing 
the CDs. Consequently, there are not significant differences between 
membranes containing the two types of CDs (β/γ). 

TEM experiments of TD-IP membranes identify the presence of a 
dense polymer on top of the porous support, characteristic of NF 
membranes. These membranes are capable of rejecting low molecular 
weight compounds due to molecular sieving effects, dielectric re
pulsions, and the Donnan effect. MWCO studies (Fig. 9) indicate that TD- 
IP membranes exhibit modest rejection rates for neutral molecules. This 
suggests poor molecular sieving capabilities, and therefore the pre
dominant AO rejection mechanisms are electrostatic repulsions and the 
Donnan effect. Such phenomena have been recognized as effective 
mechanisms for dye rejection in various NF membranes [38,39]. As 
depicted in Fig. 8, PE membrane demonstrates limited ability to reject 
AO dye (<85 % rejection), yet TD-IP membranes exhibit above 98 % 
rejection of the dye. Given that TD-IP is composed of a PE layer that has 
been further modified with MPD, it is evident that this surface modifi
cation plays a major role in the rejection performance. In PE membranes, 
positively charged AO dye are attracted to terminal carboxylic groups on 
the membrane surface. However, after MPD incorporation and forming 
TD-IP membranes, the membrane surface exhibit repulsive interactions, 

Fig. 8. Water NF performance of PA membrane, CD/MPD-TMC membranes (β- and γ-CD), PE_β and PE_γ membranes, and two-step membranes (TD-IP_β and TD- 
IP_γ). Water permeance and rejection values are collected in Table S1. 

Fig. 9. MWCO of pure PA (triangles) and TD-IP_β (circles) and TD-IP_γ 
(squares) membranes using PEG solutions at 5 g l− 1. 
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both electrostatic and Donnan, between the terminal amines and posi
tively charged AO molecules, hindering the passage of the dye through 
the membrane. 

3.3. Comparison with literature 

The use of CDs for NF applications has been widely reported, either 
as a substitute for the amine monomer to form pure PE layers or in 
combination with an amine monomer to fabricate PE/PA membranes. 

CDs have been utilized to replace MPD monomers due to the porous 
and non-toxic nature of these macromolecules. Tesha et al. prepared 
tight ultrafiltration membranes, using β-CD and TMC as monomers, 
capable of rejecting up to 96 % of bovine serum albumin protein [16]. 
An impressive water permeance of 104 LMH•bar− 1 and a rejection close 
to 100 % of relatively large organic molecules, such as Congo Red (Mw 
= 697 g•mol− 1), was achieved by Liu et al. when using 4 wt% of β-CD, 
0.2 wt% of TMC and 0.5•mol L− 1 of NaOH for the synthesis of PE TFC 
membranes [17]. Xue et al. reported IP reactions of β-CD and graphene 
oxide (GO) quantum dots with TMC resulting in TFCs capable of 
rejecting 93 % of Congo red with a water permeance of 474 LMH•bar− 1 

[40]. In another work, it was found that the preparation of PE mem
branes from β-CD and TMC led to steady water permeance and high dye 
rejections even after 96 h of chlorine exposure (10,000 ppm NaClO 
aqueous solution) [41]. The synthesis of PE TFCs from β-CD and TMC 
over modified multiwalled carbon nanotubes (MWCNT) substrates 
showed a pure water permeance of 180 LMH•bar− 1 and a 96 % rejection 
of Congo red due to the presence of a porous network support layer [42]. 

In order to achieve high rejection rates for small organic molecules or 
inorganic divalent salts, the formation of PE/PA layers is frequently 
preferred over pure PE membranes. For instance, PIP and β-CD were 
added to the polyethersulfone (PES) dope solution employed to prepare 
the membrane support by phase inversion process. After the coagulation 
of the polymer and formation of an asymmetric PES membrane, PIP and 
β-CD remained on the pores of the PES membrane support and then 
reacted with TMC producing a PE/PA selective layer with a water per
meance of 34 LMH•bar− 1 and a 96 % rejection of Na2SO4 [15]. Malinga 
et al. reported poly (propyleneimine)-functionalized β-CD as a monomer 
for IP with TMC leading to membranes with a pure water permeance of 
2.7 LMH•bar− 1 and a 72 % rejection of humic acid [43]. Functionali
zation of β-CD has also been explored to exploit the intrinsic properties 
of CDs. High rejection of Na2SO4 (80–90 %) along with a water per
meance of 2.8–4.4 LMH•bar− 1 was found by Wu et al. when reacting 
triethanolamine and TMC in the presence of β-CD or sulfated β-CD under 
basic pH conditions [44]. In another work, β-CD was chemically grafted 
to the basal plane of GO nanoflakes and incorporated into the PA matrix 
formed by reaction between PIP and TMC [14]. The resulting mem
branes demonstrated an improved rejection (100 % for hydrocarbons, 
89 % for divalent salts, and 74 % for monovalent salts) and 80 % in
crease in pure water permeance (~17 LMH•bar− 1) due to the increased 
hydrophilicity of the membranes containing the nanofillers. A similar 
study was carried out by Matshetshe et al. where (β-CD)-functionalized 
GO was used as nanofiller in PA membranes prepared through IP be
tween MPD and TMC [13]. The resulting membrane exhibited a 25 % 
increase in water permeance, maintained salt rejection above 95 % and 
demonstrated a steady permeance over 144 h of operation due to the 
improved antifouling and antimicrobial properties of the membrane. 
Wang et al. functionalized β-CD with PIM-1, a member of the polymers 
of intrinsic microporosity (PIM) family. This improved the compatibility 
between the CD-based nanofiller and the PA matrix, which was made of 
PIP and TMC [45]. The addition of the hybrid (PIM-1)-(β-CD) nanofiller 
resulted in a 3-fold increase in water permeance (15.3 LMH bar− 1) along 
with a 95 % rejection of Na2SO4. 

The utilization of γ-CD is relatively limited due to its large pore size, 
which is often considered to result in lower selectivity. γ-CD was com
bined with PIP and reacted with TMC, resulting in membranes with 
excellent rejection of antibiotics (>99 %) and high water permeance (26 

LMH•bar− 1) [12]. In another study, Zhao et al. reported an enhance
ment in membrane hydrophilicity due to the addition of the γ-CD to PA. 
This led to an increase in water permeance (4.9 LMH•bar− 1) together 
with the induction of sieving effects from the γ-CD nanochannels that 
resulted in a Li/Mg selectivity of 10.8 [18]. 

The strategy presented in this manuscript, based on TD-IP process, 
has not previously been reported and offers several advantages over the 
aforementioned studies. This strategy maximizes the main features of 
CDs that make them attractive for NF applications, such as hydrophi
licity and high porosity. This is achieved through the formation of a PE 
layer modified with MPD molecules on the surface. In this structure, the 
PE layer acts as a “gutter layer” owing to the intrinsic porosity of the 
CDs, while the top layer containing MPD molecules enables appropriate 
dye rejection. In addition, WCA revealed that TD-IP membranes show 
greater hydrophilicity than PA membranes due to the presence of several 
hydroxyl groups contained in both types of CDs. Our approach specif
ically focuses on the challenging task of rejection of low molecular 
weight dyes, such as AO. To achieve this, a PA layer was prepared using 
MPD and TMC monomers. This is known to be the preferred combina
tion for producing tight NF membranes with excellent rejection perfor
mance. However, this approach can be modified, e.g. substituting MPD 
by PIP monomers, to achieve a more open structure, significantly 
increasing water permeance, when a less demanding rejection perfor
mance is required. 

4. Conclusions 

PA membranes combined with two types of CDs (β- and γ-) have been 
prepared and evaluated for water NF of AO orange dye (265 Da). Two 
strategies were followed to incorporate the CDs to the PA layers: i) 
formation of a blended PE/PA layer (CD/MPD-TMC membranes), and ii) 
a TD-IP method based on the formation of a PE layer followed by surface 
modification with MPD molecules. Both approaches led to higher water 
permeances as compared to control pure PA membranes, but the later 
exhibited a much larger increase in permeance while maintaining dye 
rejection at high standards (>98 %). Membrane characterization 
revealed that the incorporation of the CDs increases the hydrophilicity 
of the membrane selective layers, which contributes to the higher water 
permeances observed. TD-IP membranes displayed high water perme
ation (10 LMH•bar− 1) and excellent AO dye rejection (>98 %). The 
large increase in water permeance is related to the formation of a 
membrane consisting of a loose and very permeable PE layer, rich of 
hydrophilic hydroxyl groups from CDs, modified with MPD molecules. 
The incorporation of MPD onto the membrane surface accounts for the 
high AO dye rejection due to electrostatic and Donnan repulsions. 
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