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Abstract: The application of environmentally friendly and energy-efficient membrane processes 

allows improvement the ecological safety and sustainability of industrial production. However, the 

effective application of membrane processes requires novel high-performance thin film composite 

(TFC) membranes based on biopolymers to solve environmental problems. In this work for the first 

time novel thin film nanocomposite (TFN) membranes based on biopolymer chitosan succinate 

(ChS) modified with the metal organic framework iron 1,3,5-benzenetricarboxylate (Fe-BTC) were 

developed for enhanced pervaporation dehydration. The formation of a selective layer of TFN 

membranes on the porous membrane-support was carried out by two methods—dynamic tech-

nique and physical adsorption. The effect of the membrane formation method and Fe-BTC content 

in ChS layer on the structure and physicochemical properties of TFN membranes was investigated. 

The developed TFN ChS-based membranes were evaluated in the pervaporation dehydration of 

isopropanol (12–30 wt.% water). It was found that TFN ChS-Fe-BTC membranes prepared by two 

methods demonstrated improved permeation flux compared to the reference TFC ChS membrane. 

The best transport properties in pervaporation dehydration of isopropanol (12–30 wt.% water) 

were possessed by TFN membranes with 40 wt.% Fe-BTC prepared by dynamic technique (per-

meation flux 99–499 g m−2 h−1 and 99.99% water in permeate) and TFN membranes with 5 wt.% 

Fe-BTC developed by physical adsorption (permeation flux 180–701 g m−2 h−1 and 99.99% water in 

permeate). 

Keywords: chitosan succinate; thin film nanocomposite membrane; dynamic technique; physical 

adsorption; metal-organic frameworks; Fe-BTC; pervaporation; isopropanol dehydration 

 

1. Introduction 

In recent years, requirements for the quality, purity, and environmental friendliness 

of produced substances have been constantly increasing [1]. Therefore, the development 

of novel energy-efficient and eco-friendly synthesis and separation methods for various 

compounds, as well as purification technologies, are becoming urgently needed [2–4]. 

Membrane technologies meet all the requirements of “sustainable processes” and are of 

great interest as an alternative to traditional separation methods due to their advantages: 

cost- and energy-effectiveness, ecological safety, waste-free, and the ease of application 

and automation [5–8]. Pervaporation is one of the most promising membrane methods 

for the separation of the liquid mixtures of low molecular weight substances, especially 
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for the thermally unstable and close-boiling compounds, azeotropic and isomeric mix-

tures [9]. The main application of this method is focused on dehydration purposes (se-

lective removal of water from other components, in particular alcohol and solvents) [10]. 

Alcohols are important chemicals used in various industries (medicine, pharmaceu-

tical, food, chemical, etc.) and as a promising alternative fuel for automobiles, where ex-

treme purity is essential. An isopropanol (iPrOH)/water mixture is often investigated as a 

model system for pervaporation dehydration, as iPrOH is an industrial solvent actively 

used instead of ethanol in cosmetics, perfumes, disinfectants, windshield washers, anti-

freeze liquids and medicine [11]. This mixture is also difficult to separate by traditional 

methods (rectification and distillation), since it contains an azeotrope with a water con-

tent of 12 wt.% and a boiling point of 80.3 °C [12]. It is necessary to add harmful organic 

intermediates that form stronger azeotropic mixtures with water, which contribute to an 

additional stage of alcohol purification. In addition, these traditional separation methods 

are cost- and energy-consuming. Therefore, a promising method for dehydrating iso-

propanol is pervaporation, which makes it possible and easy to extract water without any 

additional chemical reagents by the right choice of membrane based on hydrophilic 

polymers. Polyvinyl alcohol (PVA) [11,13], sodium alginate (SA) [9,14–17], polyvinyl 

amine [18], chitosan [19–21], poly(ionic liquid) complex (PILC) [22], etc. have been al-

ready investigated as a membrane materials for pervaporation dehydration of isopro-

panol. 

The rapid development of industrial technologies focused on environmental pro-

tection leads to the need for developing novel pervaporation membranes based on bi-

opolymers. Chitosan is the most abundant natural biopolymer that has many applica-

tions in pharmacology, drug delivery, biomedicine, food processing, agriculture, cataly-

sis, and as a membrane material [23]. It is important to note that chitosan membranes, 

due to their high hydrophilicity, are subjected to predominant swelling in water, result-

ing in a significant decrease in selectivity because of the plasticization effect [24]. The 

enhancement of the water swelling resistance of chitosan-based membranes is usually 

carried out by (i) cross-linking with glutaraldehyde [25] or maleic acid [26], (ii) blending 

with polyvinyl alcohol [27], poly(N-vinyl-2-pyrrolidone) [28], etc., (iii) introduction of 

nanoparticles such as titanium dioxide [29], silica [30], graphene oxide [31], carbon 

nanotubes [32], metal organic frameworks [33], etc., but most often this modification re-

sults in a decrease of permeation flux for chitosan membranes. Chitosan can be also 

converted into various derivatives for specific applications [23]. Chitosan succinate (ChS) 

is one of the chitosan derivatives and is widely used in the food industry (artificial food 

products), cosmetics (stabilization of foams, creams, emulsions) and in biotechnology 

(drug delivery) [34]. It is reported that modification of chitosan membranes with succinic 

acid in situ during membrane preparation leads to the binding of the carboxyl group 

(-COO-) of acid to the -NH2 group of polymer forming cross-links, which can adjust the 

distance between polymer chains, forming a neater network structure [35]. This further 

facilitates component transport through the membrane and the hydrophilicity of the 

membrane caused by the formation of additional hydrogen bonds between a free -O acid 

group and water molecules. However, to our knowledge, there is only one work on the 

development of porous ChS/polyvinyl alcohol-polyethylene glycol membrane which was 

characterized using creatinine [35], and there is no literature data on the development 

and investigation of pervaporation ChS membranes. Thus, in this work, for the first time, 

thin film composite (TFC) membranes based on ChS were developed and studied. 

Thin film composite (TFC) membranes are usually obtained by formation of an ul-

trathin selective polymer layer on an ultra- or micro-filtration membrane-support. Due to 

the small thickness of the selective layer, they have substantially higher permeation flux 

compared to dense membranes without deterioration of the selectivity that is promising 

for industrial application. The preparation advantages of TFC membranes are the possi-

bility to adjust the porosity and nature of a membrane-support, as well as the structure of 

a membrane selective layer, independently. There are various well-established tech-
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niques for selective layer formation on the surface of the porous membrane-support: in-

terfacial polymerization, layer-by-layer deposition, physical adsorption, coating, dy-

namic technique, etc. Among these, dynamic technique is a promising method of TFC 

membrane preparation and consists of the filtration of the dilute colloid or polymer so-

lution through the porous micro- or ultrafiltration membrane at a transmembrane pres-

sure difference created by the elevated pressure at the feed side or by reduced pressure 

on the permeate side. The formation of the thin selective layer in the dynamic technique 

is based on the phenomena of concentration polarization. The advantages of this tech-

nique are: (1) simple implementation of the preparation process; (2) small volumes of 

required reagents; (3) single-stage process; (4) high speed of preparation without addi-

tional reagents; (5) possibility of variation of the properties by changing the selective 

layer structure and thickness [36,37]. According to Anantharaman et al. [38], the number 

of reported studies on development of membranes by the dynamic technique has in-

creased. These membranes obtained frequently with polymers, metal oxides, powdered 

activated carbon, soil, nanoparticles both in cross-flow and dead-end filtration modes, as 

well as by using reduced pressure on the permeate side of the membrane, applied for 

micro-, ultra-, nano-filtration, reverse osmosis and pervaporation. Thus, in this work, for 

the first time, thin film composite (TFC) membranes based on ChS were developed by 

two methods—physical adsorption and dynamic technique, to assess the influence of the 

preparation approach on the properties of membranes. 

One of the other effective methods to improve membrane performance is the modi-

fication of polymer matrix with nanoparticles [39] such as fullerene derivatives [40], 

carbon nanotubes (CNTs) [41], graphene oxides [42], metals and their oxides [43,44], 

metal-organic frameworks (MOFs) [45,46], silica [47], etc. Membranes with MOF as a 

nano-filler have great prospects due to the design simplicity and the possibility of mod-

ifying MOFs, as well as the compatibility between MOF and the polymer matrix [48]. 

Additionally, the MOF introduction into the membrane significantly affects the sorption 

characteristics, surface hydrophilic-hydrophobic balance, and the free volume of the 

polymer film due to the MOF porous structure, leading to enhanced transport properties 

(the increase in the permeation flux and/or selectivity). Fe-BTC is a commercial, unusual 

MOF representative due to its crystalline/amorphous nature with a microporous struc-

ture (window sizes of 5.5 and 8.6 Å ) [49–51]. Fe-BTC was successfully applied as a modi-

fier for a pervaporation membrane based on sodium alginate for the dehydration of iso-

propanol (12–100 wt.% water) [52] and polylactic acid for the separation of a metha-

nol/methyl tert-butyl ether (MTBE) mixture [53]. There is no information, to the best of 

our knowledge, on  pervaporation membranes based on ChS modified with Fe-BTC 

particles. 

Thus, in this work for the first time novel thin film nanocomposite (TFN) mem-

branes based on ChS modified with Fe-BTC were developed for enhanced pervaporation 

dehydration. The effect of the formation method (dynamic technique and physical ad-

sorption) on the membrane structure, topology, hydrophilic-hydrophobic balance and 

pervaporation performance was studied. The influence of the Fe-BTC concentration in 

the ChS selective layer on structure, physicochemical properties and pervaporation per-

formance of TFN membranes was investigated. The structural and physicochemical 

properties of membranes were studied by Fourier transform infrared spectroscopy 

(FTIR), scanning electron (SEM) and atomic force (AFM) microscopies, and contact angle 

measurements. Transport characteristics of the TFN ChS-based membranes were evalu-

ated in the pervaporation dehydration of isopropanol (12–30 wt.% water). The best TFN 

membranes prepared by two techniques were compared and discussed from the point of 

view of the mechanism of selective layer formation. 
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2. Materials and Methods 

2.1. Materials 

Ultrafiltration poly(acrylonitrile-co-methyl methacrylate) (PAN) membranes with 

molecular weight cut-off (MWCO) of 100 kDa and pure water flux 200–245 L m−2 h−1 (at 

transmembrane pressure 0.1 MPa) developed and produced by the Institute of Physical 

Organic Chemistry, National Academy of Sciences of Belarus (Minsk, Belarus) were used 

as a porous membrane support for preparation of thin film composite (TFC) and nano-

composite (TFN) membranes. Chitosan succinate (ChS, Mn~30 103 g mol−1, Bioprogress, 

Moscow, Russia) was selected for the formation of the selective layer of TFC and TFN 

membranes. Metal-organic frameworks (MOFs) based on iron 

1,3,5-benzenetricarboxylate (Fe-BTC, Basolite®  F300, Sigma Aldrich,  St. Louis, MO, USA) 

were used as an additive to the ChS selective layer. The size of Fe-BTC agglomerates in 

the powder was studied by SEM and found to be 300–500 nm. Eth-

ylene-diamine-tetra-acetic acid disodium salt (EDTANa, Sigma Aldrich, St. Louis, MO, 

USA) was used as a dispersing agent for Fe-BTC in aqueous ChS solutions. ChS was 

cross-linked using maleic anhydride (MA, Vekton, St. Petersburg, Russia) to prevent a 

selective layer swelling and dissolution during pervaporation. All materials were used 

without prior purification. Structural formulas of the used materials are presented in 

Figure 1. 

  

PAN ChS 

  

Fe-BTC EDTANa 

 
MA 

Figure 1. Structural formulas of used materials. 

2.2. Preparation of Thin Film Composite (TFC) and Thin Film Nanocomposite (TFN) Membranes 

2.2.1. Preparation of ChS-MA Solutions and ChS-MA-Fe-BTC Dispersions 

Aqueous solutions containing 1.0 wt.% (for dynamic technique) and 2–3 wt.% (for 

physical adsorption technique) of ChS and 15 wt.% maleic anhydride (MA) with respect 

to ChS weight were prepared for the selective layer formation. The solutions were pre-

pared by mixing a calculated amount of ChS in distilled water using a magnetic stirrer 

for 3 h at room temperature. Thereafter the MA was added and the solution was addi-
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tionally mixed for 30 min. Then the solution was filtered using a glass Shott filter (pore 

size 60 µm). 

The introduction of Fe-BTC (5–40 wt.% with respect to ChS weight) into the ChS 

aqueous solution was carried out in the following way. First, Fe-BTC was dispersed in 

distilled water using an ultrasound bath (Ultron, Olsztyn, Poland) for 30 min to obtain 

2 wt.% aqueous dispersion. Separately, 5 wt.% EDTANa solution in distilled water was 

prepared by mixing for 30 min with a magnetic stirrer. A certain amount of Fe-BTC 

aqueous dispersion and EDTANa aqueous solution were mixed using a magnetic stirrer 

for 30 min and sonicated for 30 min. The weight ratio Fe-BTC:EDTANa was 1:2.5 corre-

spondingly. After that, the Fe-BTC dispersion with EDTANa as a dispersing agent was 

added to ChS/MA aqueous solution and mixed for 10 min using a magnetic stirrer. Then, 

the resulting solution was sonicated for 30 min. 

Above 20 wt.% Fe-BTC (with respect to ChS weight) for the physical adsorption 

technique (in 3 wt.% ChS aqueous solution) and 40 wt.% Fe-BTC for the dynamic tech-

nique (in 1 wt.% ChS aqueous solution), poor dispersion of the MOF particles in the 

membrane was observed and unreproducible transport characteristics were obtained. 

2.2.2. Formation of ChS Selective Layer via Dynamic Technique 

The selective layers of TFC and TFN membranes were prepared via dead-end ultra-

filtration of ChS/MA aqueous solution or ChS/Fe-BTC aqueous dispersion through PAN 

ultrafiltration membrane at transmembrane pressure of 3 bar. Two layers of ChS were 

deposited. The deposition time for the first layer was 10 min, and for the second layer 3 

min. The first layer of composite membranes was kept for 2 h at room temperature, and 

then the second layer was applied. Thereafter, composite membranes were dried for 2 h 

at 110°C in an oven, accompanied by crosslinking of ChS by MA. Membrane abbrevia-

tions and preparation conditions are listed in Table 1. 

Table 1. TFC and TFN membrane abbreviations and preparation conditions. 

Abbreviation 
ChS Concentration in 

Aqueous Solution [wt.%] 

Fe-BTC Concentration in ChS Solution  

[wt.%, Ratio to ChS] 

Method of the Selective 

Layer Formation 

D0 

1.0 

0 

dynamic technique 

D5 5 

D10 10 

D15 15 

D20 20 

D30 30 

D40 40 

P2 2 0 

physical adsorption 

P3 

3 

0 

P3-5 5 

P3-10 10 

P3-20 20 

2.2.3. Formation of ChS Selective Layer by Physical Adsorption 

A sheet of PAN ultrafiltration membrane (15 × 20 cm in size) was washed from im-

pregnating substances by soaking in distilled water for 12 h. Then it was tightly stretched 

over a metal ring so that the selective layer was located inside the ring. The stretched 

membrane was dried for 40 min. The ChS/MA aqueous solution or ChS/Fe-BTC aqueous 

dispersion was poured onto a selective layer of membranes, held for 10 s, and poured off. 

Next, the membrane was completely dried without removing it from the ring at room 

temperature for 2 h. Then, a second layer was applied in a similar way, but kept for 5 s. 

Thereafter, composite membranes were dried for 2 h at 110 °C in an oven, accompanied 
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by crosslinking of ChS by MA. TFC and TFN membrane abbreviations and preparation 

conditions are presented in Table 1. 

2.3. Membrane Characterization 

2.3.1. Fourier Transform Infrared Spectroscopy (FTIR) 

The changes in composition of TFC and TFN membrane selective layer with addi-

tion of FeBTC were analyzed by FTIR spectrometer Nicolet Is50 (Thermofisher Scientific, 

Waltham, MA, USA) in the wavelength range 400–4000 cm−1 with accuracy 0.01 cm−1 at 

ambient temperature (25 °C). 

2.3.2. Scanning Electron Microscopy (SEM) 

TFC and TFN membrane cross-section morphology was studied by Phenom Pro 

scanning electron microscope (Thermofisher Scientific, Waltham, MA, USA). Membranes 

were cleaved in liquid nitrogen followed by the coating of a gold layer using vacuum 

sputter coater DSR (Vaccoat, London, UK). 

2.3.3. Atomic Force Microscopy (AFM) 

Topography of the surface of composite membranes was investigated using an NT 

MDT nTegra Maximus atomic force microscope (NT-MDT Spectrum Instruments, Ze-

lenograd, Russia) with standard silicon cantilevers and with a stiffness of 15 N m−1. 

2.3.4. Contact Angle 

Membrane water contact angles were determined by the sessile drop technique us-

ing a LK-1 goniometer (Otktrytaya Nauka, Krasnodar, Russia). Membrane sample was 

put on the flat surface, and a drop of water (1 µL) was placed on the surface. Measure-

ments were taken in 5 s after the formation of a drop on the membrane surface. Meas-

urements of 5 different samples of each membrane type were carried out and average 

value was calculated. Each membrane sample was measured three times. Measurement 

error did not exceed ±2°. 

2.3.5. Pervaporation Experiments 

Membrane performance was studied by vacuum pervaporation for the separation of 

isopropanol/water mixtures with 12, 20 and 30 wt.% of water in the feed solution. The 

feed solution temperature was 25 °C. The pressure from permeate side was lower than 

0.01 mmHg. The scheme of the pervaporation set-up is described in [47]. The feed and 

permeate compositions were analyzed by Chromatec Crystal 5000.2 gas chromatograph 

(Chromatec, Republic of Mari El, Yoshkar-Ola, Russia). Membrane permeation flux (J, g 

m−2 h−1) was calculated by Equation (1): 

J =
m

S∙t
  (1) 

where m—the permeate weight, g; S—the effective membrane area, and m2; t—the time 

of pervaporation, h. 

Moreover, the normalized flux (JN, g µm m−2 h−1) was counted by Equation (2): 

JN = J ∙ l , (2) 

where l—selective layer thickness, µm. l was calculated from SEM micrographs of 

membrane selective layer. 

Pervaporation separation index (PSI, kg m−2 h−1) was calculated by Equations (3)–(4): 

β =
𝑦𝐴

𝑦𝐵
⁄

𝑥𝐴
𝑥𝐵

⁄
, (3) 

 PSI = J ∙ (β − 1), (4) 
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where β—separation factor; J—permeation flux, kg m−2 h−1; yA and yB—water and alcohol 

concentration in the permeate, correspondingly; xA and xB—water and alcohol concen-

tration in the feed solution, correspondingly. 

Moreover, the thickness normalized pervaporation separation index (PSIN, kg µm 

m−2 h−1) was counted by Equation (5). PSIN is a factor used to compare the pervaporation 

performance of various membranes in the same pervaporation process [54]. 

PSIN =  JN(β − 1), (5) 

where JN—normalized permeation flux, kg µm m−2 h−1.3. Results and Discussions 

In the present part, the transport properties and physicochemical characteristics of 

novel thin film nanocomposite (TFN) chitosan succinate (ChS)/Fe-BTC membranes on 

polyacrylonitrile (PAN) porous membrane-support obtained by two methods of selective 

layer formation (dynamic technique and physical adsorption) are presented. 

3. Results and Discussions 

In the present part, the transport properties and physico-chemical characteristics of 

novel thin film nanocomposite (TFN) chitosan succinate (ChS)/Fe-BTC membranes on 

poly-acrylonitrile (PAN) porous membrane-support obtained by two methods of selec-

tive layer formation (dynamic technique and physical adsorption) are presented. 

3.1. Membrane Structure and Physicochemical Studies 

3.1.1. Studies of the Selective Layer Composition 

FTIR spectra of selective layers of the reference TFC D0 membrane and TFN dy-

namic membranes D20, D30, D40, as well as P3-20 membrane obtained via physical ad-

sorption, are presented in Figure 2. 

  

  

Figure 2. FTIR spectra of the surface of the selective layers of ChS/PAN (D0), TFN 

ChS-Fe-BTC/PAN membranes prepared by dynamic technique (D20, D30, D40) and physical ad-

sorption (P3-20) technique. 

Broad peak in the region of 3000–3600 cm−1 is attributed to the overlapping of 

stretching vibrations of hydroxyl groups (maximum at 3400 cm−1) and NH bonds of am-

ide group (maximum at 3290 cm−1) in ChS (Figure 2). A shoulder at 3085 cm−1 is an over-

tone of the N–H bending band which is typical of primary amines. This can indicate that 
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not all amine groups of chitosan were converted to amide groups in ChS. It was found 

that introduction of Fe-BTC in the ChS layer both for TFN membranes prepared by dy-

namic and physical adsorption technique yields a decrease in the intensity of the broad 

peak in the region of 3000–3600 cm−1 due to the overall decrease of ChS content in the 

selective layer (Figure 2). 

Stretching vibrations NH-groups in the ChS are observed at 1558 cm−1 (Figure 1). 

Amide carboxyl stretching of ChS was observed at 1652 cm−1. Characteristic asymmetric 

fluctuations of the carboxylate groups of Fe-BTC (Figure 1) appeared at 1710 cm−1, and an 

increase in the MOFs concentration in the selective layer resulted in the increase in their 

intensity. Symmetrical fluctuations of the COO− -groups of Fe-BTC appeared at 1380 cm−1 

when Fe-BTC was introduced to the selective layer [55,56]. Peaks at 1409 cm−1 are char-

acteristic of the C=O bond, and peaks at 2877 and 2927 cm−1 are due to the symmetrical 

and asymmetrical stretching vibrations of CH2 groups. 

So, the introduction of Fe-BTC in the ChS selective layer is confirmed by the increase 

of the intensity of peaks at 1710 cm−1 and appearance of the peak at 1380 cm−1. 

3.1.2. Scanning Electron Microscopy Studies 

Morphology of the prepared composite membranes was investigated to describe 

transport properties in pervaporation since the change of surface and inner membrane 

structure significantly influence membrane performance. Moreover, it is known that 

membrane permeation flux depends on the selective layer thickness: increase in the se-

lective layer thickness results in permeation flux decline due to the rise of the molecules 

pathway. The SEM microphotographs allow quantitatively determining the selective 

layer thickness. 

SEM of the dynamic composite membranes 

Morphology of the surface of the membrane selective layers was determined by ap-

plying SEM (Figure 3). 

  

(a) (b) 
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(c) (d) 

Figure 3. SEM microphotographs of the surface of selective layers of dynamic composite mem-

branes: (a)—D0, (b)—D5, (c)—D20, (d)—D40. 

It was shown that the morphology of the selective layer surface changed with addi-

tion of Fe-BTC into the selective layer. It was found that the Fe-BTC agglomerates formed 

on the selective layer surface and their size increased with increasing Fe-BTC concentra-

tion. 

Microphotographs of dynamic composite membrane cross-sections are shown in 

Figure 4. Thickness of the selective layer of composite membrane was found from SEM 

microphotographs and presented in Table 2. 

   
(a) (b) (c) 

   
(d) (e) (f) 
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 (g)  

Figure 4. SEM microphotographs of the cross-sections of dynamic composite membranes: (a)—D0, 

(b)—D5, (c)—D10, (d)—D15, (e)—D20, (f)—D30, (g)—D40. 

Table 2. Thickness of the selective layer of dynamic composite membranes according to SEM mi-

crophotographs. 

Membrane Abbreviation Selective Layer Thickness [μm] 

D0 0.44 

D5 0.50 

D10 0.92 

D15 2.02 

D20 2.85 

D30 4.53 

D40 4.65 

It was found that there was a tendency for the selective layer thickness of the modi-

fied membranes to increase with an increase in the concentration of Fe-BTC in the ChS 

selective layer (Figure 4, Table 2). Apparently, one of the reasons for such an effect is an 

increase in the free volume between the molecules that are formed in the selective layer 

with the addition of MOFs because of their structure. It was found that for D5 mem-

branes thickness of the selective layer increased slightly (0.50 μm) compared to the se-

lective layer thickness of the reference D0 membrane (0.44 μm). The selective layer 

thickness of D10 membrane was shown to be two times higher than that of the reference 

D0 membrane (Table 2). 

Significant increase in the selective layer thickness was observed for membranes 

D15, D20, D30 and D40 (Table 2). It was found that the addition of 30–40 wt.% 

Fe-BTC/ChS weight into the ChS solution resulted in the increase in the thickness of the 

selective layer of thin film nanocomposite membrane by more than ten times compared 

to the reference ChS/PAN membrane D0 (Figure 4, Table 2). Increase in the selective layer 

thickness with addition of filler of dynamic TFN and TFC membranes was observed in 

previous studies [47,57]. 

Since TFN membranes were obtained via the dynamic mode, the concentration po-

larization mechanism determines the selective layer formation. The concentration of re-

tained substances (ChS macromolecules and Fe-BTC particles) significantly increases in a 

thin boundary layer of solution near the membrane surface due to concentration polari-

zation. When the concentration of retained substances and Fe-BTC particles reaches a 

certain value, the gel layer forms and precipitates on the membrane surface. This gel 

layer, after cross-linking with MA and drying, will form the membrane selective layer. 

So, dead-end ultrafiltration mode for selective layer formation was selected to enhance 

the concentration polarization phenomenon and decrease the time of gel layer formation 

on the membrane surface. Correlation between kinetics of gel layer formation, prepara-
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tion conditions, and separation performance for TFC PVA/PAN membranes was re-

vealed in our previous study [57]. It is worth noting that the gel layer formed on the 

membrane surface due to concentration polarization acts as a secondary barrier to flow 

through the membrane. Addition of Fe-BTC to the ChS aqueous solution yields hydrogen 

bonds formation between carboxylate groups of Fe-BTC and hydroxyl groups of ChS and 

donor-acceptor bonds formation between free orbitals of Fe atoms and lone pairs of 

electrons of oxygen atom in carboxyl and hydroxyl group in ChS. These bonds may pro-

vide additional cross-linking of the gel layer. This cross-linked gel layer hinders transport 

through the membrane, enhancing concentration polarization and leading to more mac-

romolecules and particles accumulating near the membrane surface. Moreover, Fe-BTC 

particles are larger compared to ChS macromolecules and predominantly do not pass 

through the membrane accumulating in the gel layer. This increases the gel layer thick-

ness. However, after some time of filtration a dynamic equilibrium between macromol-

ecules and particles diffusing to the membrane surface and back to the bulk feed solution 

is established. Formation of hydrogen bonds and additional cross-linking retards the 

diffusion of ChS macromolecules back to the bulk solution and thicker gel layer is 

formed. 

An increase in the selective layer thickness with an increase in the concentration of 

Fe-BTC in the ChS solution related also to the increase in the viscosity of the solution that 

was used for the selective layer formation. This leads to the formation of a thicker gel 

layer at the membrane surface due to concentration polarization during the formation of 

a selective layer in the dynamic technique. 

SEM of composite membranes prepared by physical adsorption 

Morphology of membrane selective layers was determined by applying SEM (Figure 5). 

  

(a)  (b) 



Membranes 2022, 12, 653 12 of 30 
 

 

 

(c)  

Figure 5. SEM microphotographs of selective layers of composite membranes ChS-Fe-BTC/PAN 

obtained by physical adsorption: (a) P3, (b) P3-5, (c) P3-20. 

It was found that introduction of MOFs into the selective layer led to the formation 

of nanoparticle agglomerates. Moreover, their size increased with the increase in the 

Fe-BTC concentration. Amount and size of agglomerates in the selective layer of P3-20 

was revealed to be much higher compared to the same ChS/Fe-BTC ratio in the case of 

dynamic D20 TFN membrane (Figure 3). This is due to the lower dispersion degree of 

Fe-BTC in more concentrated ChS solution (3 wt.%) used for the preparation of mem-

branes by physical adsorption technique compared to dynamic membranes. For prepa-

ration of dynamic membranes ChS solutions with lower concentration were used (1 

wt.%) and thus Fe-BTC dispersion degree was higher. 

Morphology of membrane cross-sections was studied also for TFC ChS and TFN 

ChS/Fe-BTC membranes prepared by physical adsorption (Figure 6). It was found that selec-

tive layer thickness slightly increased even with addition of 20 wt.% Fe-BTC (Table 3). 

  

(a) (b)  
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(c)  (d)  

Figure 6. SEM microphotographs of the cross-sections of composite membranes ChS-Fe-BTC/PAN 

obtained by physical adsorption: (a) P3, (b)P3-5, (c) P3-10, (d) P3-20. 

Table 3. Thickness of the selective layer of composite membranes obtained by physical adsorption 

according to SEM microphotographs. 

Membrane Abbreviation Selective Layer Thickness [μm] 

P3 0.32 

P3-5 0.43 

P3-10 0.62 

P3-20 0.71 

Slight increase in the selective layer thickness should not significantly affect the 

nanocomposite membrane permeation flux. A significant difference in selective layer 

thickness of dynamic membranes and membranes prepared by physical adsorption is 

explained by the difference in mechanisms of the selective layer formation. The concen-

tration polarization has a significant impact on the selective layer formation in the case of 

membranes obtained by dynamic technique. The boundary layer arises during filtration 

of solution, and upon reaching a certain concentration in it, the gel layer forms. This gel 

layer starts to grow during further filtration of modifying solution. In the case of physical 

adsorption, the selective layer is much thinner due to the adsorption of the particles on 

the membrane surface. Selective layer formation occurs due to the generation of hydro-

gen bonds, Van der Waals bonds or electrostatic interactions between the solution and 

membrane surface. 

3.1.3. Atomic force microscopy studies of the selective layer surface 

AFM of the dynamic composite membranes 

Topology of the selective layer surface of dynamic composite membranes was in-

vestigated by AFM and presented in Figure 7. 

D0 
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D40 

  

Figure 7. AFM images of the surface of the selective layer of TFC and TFN membranes prepared 

using dynamic technique. 

It was shown that an increase in the concentration of Fe-BTC in the selective layer 

led to an increase in surface roughness (mean square roughness (Rq) and average 

roughness (Ra)) of thin film nanocomposite membranes compared to the initial mem-

brane D0 (Figure 7, Table 4), while the surface of the reference D0 composite membrane 

was rather smooth. 

Table 4. Surface roughness parameters of the selective layer surface of TFC and TFN membranes 

prepared using dynamic technique. 

Membrane Abbreviation 
Roughness Parameters 

Ra [nm] Rq [nm] 

D0 3.44 5.07 

D5 4.46 5.97 

D10 4.61 6.07 

D15 4.63 6.39 

D20 8.25 10.87 

D30 8.95 11.74 

D40 10.39 14.88 

According to Table 4, addition of Fe-BTC up to 15 wt.% into the modifying solution 

did not greatly affect the surface roughness. However, membranes D20, D30 and D40 are 

characterized by much higher surface roughness compared to the reference membrane 

D0. When the concentration of Fe-BTC increases, large globular domains of Fe-BTC can 

be observed on the surface of the membrane selective layer due to their agglomeration 

(Figure 7). 

Globular domains could be responsible for the formation of the pattern on the 

membrane surface. Such selective layer structure provides higher permeation flux of the 

prepared composite and nanocomposite membranes in pervaporation. 

AFM of composite membranes prepared by physical adsorption 

Topology investigated by AFM of the selective layer surface of TFN membranes 

prepared by physical adsorption is presented in Figure 8. 

P3 
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P3-5 

  

P3-10 

  

P3-20 

  

Figure 8. AFM images of the surface of the selective layer of TFC and TFN membranes prepared by 

physical adsorption. 

Figure 8 shows that there were aggregates that were formed on the selective layer 

surface when introducing Fe-BTC. Based on AFM images mean square roughness (Rq) 

and average roughness (Ra)) were calculated (Table 5). 

Table 5. Surface roughness parameters of the selective layer surface of TFC and TFN membranes 

prepared using physical adsorption. 

Membrane Abbreviation 
Roughness Parameters 

Ra [nm] Rq [nm] 

P3 2.31 3.20 

P3-5 3.40 4.48 

P3-10 3.58 5.13 

P3-20 7.73 13.16 

It was shown that surface roughness increased for membranes prepared by physical 

adsorption, similar to the dynamic membranes. It should be noted that the average 

roughness of membranes obtained by physical adsorption was lower compared to the 

dynamic composite membranes. This is due to the peculiarities of the mechanism of gel 

layer formation during preparation of dynamic membranes. After a certain time of fil-

tration a dynamic equilibrium between macromolecules and particles diffusing to the 

membrane surface and back to the bulk feed solution is established. Due to this, a con-

centration gradient in the boundary layer is formed which leads to the formation of the 
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selective layer with looser and less ordered structure compared to the selective layer of 

membranes obtained via physical adsorption. 

However, if we compare AFM images of both types of TFN membranes with similar 

Fe-BTC concentration in the selective layer, it can be noted that Fe-BTC particles form 

larger agglomerates which are less uniformly dispersed for membranes prepared via 

physical adsorption compared to the dynamic membranes (Figures 7 and 8). Lower dis-

persion degree of Fe-BTC particles compared to the similar concentration of Fe-BTC for 

dynamic membranes is attributed to the higher concentration of ChS aqueous solution 

(and thus higher viscosity) used for the selective layer formation by physical adsorption 

(3 wt.%) compared to the dynamic membranes (1 wt.%). 

3.1.4. Contact Angle 

Another technique that helps to evaluate the change of the membrane surface after 

its modification is evaluation of water contact angles. Dependence of contact angle of the 

selective layer surface of ChS-Fe-BTC/PAN TFN membranes on Fe-BTC concentration is 

presented in Figure 9. 

  

(a) (b) 

Figure 9. Dependence of water contact angle of the selective layer surface of ChS-Fe-BTC/PAN TFN 

membranes on Fe-BTC concentration: (a)—dynamic membranes, (b)—membranes prepared by 

physical adsorption. 

The contact angle was shown to slightly increase with rise of MOFs concentration in 

the selective layer both for dynamic membranes and membranes prepared by physical 

adsorption. 

For dynamic membranes it was found that contact angle of the selective layer sur-

face of the reference D0 membrane was 30 ± 2°. It was revealed that introduction of 5 

wt.% Fe-BTC in ChS solution does not change the hydrophilic-hydrophobic properties of 

membrane selective layer. It was shown that the contact angle increases slightly with 

addition of 10–20 wt.% Fe-BTC into the selective layer. The highest water contact angle of 

40 ± 2 is observed for D40 membrane. 

The contact angles of membranes prepared by physical adsorption were revealed to 

increase from 39° for P3 up to 49° for P3-20 TFN membranes. An increase in the contact 

angle indicates the hydrophobization of the selective layer surface of thin nanocomposite 

membranes, due to the presence of Fe-BTC hydrophobic units in the selective layer. An-

other reason for the increase of contact angle is the increase in the degree of surface 

roughness (Tables 4 and 5) due to the formation of agglomerates of Fe-BTC on the surface 

of membrane selective layer (Figures 7 and 8) which was revealed for both types of TFN 

membranes. However, it is worth noting that, in spite of the increase of contact angle 
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from 30 to 40°, the TFN ChS-Fe-BTC/PAN membranes are considered to be moderately 

hydrophilic. 

Higher water contact angle for the reference TFC ChS/PAN membrane prepared via 

physical adsorption compared to the reference dynamic membrane was a result of dif-

ferent mechanisms of selective layer formation. The formation of the selective layer of 

dynamic membranes occurs due to the filtration of the ChS aqueous solution through the 

porous membrane support at transmembrane pressure of 3 bar. It is likely that elevated 

pressure may decrease the cross-linking degree of ChS macromolecular chains which is 

likely to increase the hydrophilicity of the membrane as was observed in the previous 

study [57]. 

Higher water contact angles of the selective layer of ChS-Fe-BTC/PAN TFN mem-

branes prepared via physical adsorption compared to the dynamic membranes is also 

attributed to the different mechanism of selective layer formation. In the case of dynamic 

technique, larger Fe-BTC particles were predominantly concentrated on the boundary 

layer near the membrane surface because they are almost completely rejected by the 

membrane and their diffusion back to the bulk solution is restricted due to the large size. 

Thus, more hydrophilic ChS macromolecules appeared on the surface of the selective 

layer of TFN dynamic membranes providing lower water contact angle. 

Higher contact angle of the surface of TFN membranes prepared by physical ad-

sorption was due to the lower dispersion degree of Fe-BTC particles compared to the 

similar concentration of Fe-BTC for dynamic membranes which was discussed in Section 

3.1.3. Lower dispersion degree is attributed to the higher concentration of ChS aqueous 

solution (and thus higher viscosity) used for the selective layer formation by physical 

adsorption (3 wt.%) compared to the dynamic membranes (1 wt.%). 

3.2. Membrane Pervaporation Performance 

3.2.1. Performance of Thin Film Composite Membranes Prepared via Dynamic Technique 

The transport properties of membranes were studied in the pervaporation of a wa-

ter/isopropyl alcohol mixture (12–30 wt.% water). The choice of this system was due to 

the importance of purified iPrOH as an industrial solvent actively applied instead of 

ethanol in various fields [11]. The separation of water/iPrOH mixture by traditional 

methods (rectification and distillation) is complicated due to the formation of an azeo-

trope with a water content of 12 wt.% [12]. Traditional separation methods are energeti-

cally unfavorable and require the addition of toxic intermediates to form stronger azeo-

tropic mixtures with water, contributing to an additional alcohol purification stage. 

However, this separation problem may be easily solved by an environmentally friendly 

separation method—pervaporation using the chitosan succinate-based membranes with 

high hydrophilicity, which promotes the preferential penetration of water molecules 

(high selective water removal), high efficiency and productivity of the process. The de-

pendence of the permeation flux, water content in the permeate, pervaporation separa-

tion index and normalized permeation flux on the water content in the feed are presented 

in Figure 10. 
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(c) (d) 

 

(e) 

Figure 10. The dependence of permeation flux (a), water content in permeate (b), PSI (c), normal-

ized permeation flux (d) and normalized PSI (e) of dynamic TFC membranes with different Fe-BTC 

concentration in the ChS selective layer on the water content in isopropanol/water feed solutions. 
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Studies of TFC and TFN membrane performance in pervaporation separation of 88 

wt.% isopropanol/12 wt.% water mixture reveal that permeation flux of 

ChS-Fe-BTC/PAN TFN membranes was two times higher than that of the reference 

ChS/PAN (D0) membrane (Figure 10a). It was shown that the water content in the per-

meate for membrane D0 was 99 wt.% and for membranes D20, D30 and D40—99.99 wt.% 

(Figure 10b). This indicates a high selectivity toward water of both the ChS/PAN and 

ChS-Fe-BTC/PAN membranes. 

Increase of water content in the feed solution was found to yield an increase in the 

permeation flux of both reference TFC (D0) and ChS-Fe-BTC/PAN TFN membranes. This 

is due to the swelling of the selective layer in the feed solution during pervaporation as 

well as higher degree of water sorption on the surface of the membrane selective layer 

due to higher concentration of water molecules in the mixture. It was found that, with an 

increase in Fe-BTC concentration in the ChS solution, permeation flux increases 

non-monotonically. It was shown that D5 membrane is characterized by the highest 

permeation flux at 20 and 30 wt.% water in the feed (Figure 10a). The substantial rise in 

permeation flux when 5 wt.% of Fe-BTC is added to the solution compared to the refer-

ence membrane is attributed to the formation of a less dense selective layer (less dense 

packing of polymer chains) due to Fe-BTC agglomerates. The water content in permeate 

monotonically increases with an increase in Fe-BTC concentration in the selective layer 

when dehydrating isopropanol with 20 and 30 wt.% water (Figure 10b). It was revealed 

that increasing of the water content in the feed solution results in the decreasing of water 

content in permeate both for reference ChS/PAN thin film composite membrane and for 

ChS-Fe-BTC/PAN thin film nanocomposite membranes. However, the D30 and D40 

membranes were found to have higher selectivity in pervaporation of more diluted iso-

propanol aqueous solutions (20 wt.% and 30 wt.% of water) compared to the reference D0 

and other TFN membranes. Nevertheless, D40 membrane had a high selectivity in the 

pervaporation of the isopropanol/water mixtures with the water content in feed up to 30 

wt.% and characterized by constant value of water content in permeate (99.99 wt.%) 

(Figure 10b). 

It was revealed that the normalized flux of dynamic TFN membranes rose with in-

crease in the Fe-BTC concentration (Figure 10c). Normalized flux was counted taking into 

account the thickness of the selective layer. 

It was found that membrane modification by addition of Fe-BTC in the selective 

layer leads to the significant increase in PSI and normalized PSI for all studied TFN 

membranes due to the simultaneous increasing in permeation flux and selectivity (Figure 

10d,e). This is caused by the amorpho-crystalline structure of Fe-BTC and the presence of 

the size-defined regions. On the one hand, it increases the free volume of the selective 

layer due to decrease of polymer chains packing density and, therefore, permeation flux 

increases. Moreover, presence of Fe-BTC in the selective layer structure yields the rise in 

the difference in the diffusion rates of the molecules with various sizes through the se-

lective layer due to the increase in the length of the diffusion path and the presence of 

regions with size-defined parameters. It is also likely that there are additional crosslink-

ing and stabilization of the ChS structure with the introduction of Fe-BTC in the selective 

layer due to the formation of donor-acceptor bonds of iron atoms of Fe-BTC and hy-

droxyl and/or carboxyl groups of ChS. Additional crosslinking may be also due to the 

formation of hydrogen bonds between the carbonyl groups of trimesoyl chloride in the 

structure of Fe-BTC and hydroxyl groups of ChS. It was found that membrane D40 

demonstrates the highest PSI and normalized PSI values at 12 wt.% and 30 wt.% water in 

the feed solution, but D30 is the most effective in pervaporation of the mixture 20 wt.% 

isopropanol/80 wt.% water (Figure 10d). It was found that normalized PSI (Figure 10e) 

was found to correlate with the PSI values (Figure 10d) and showed that TFN dynamic 

membranes were more effective than TFC D0 membrane. Moreover, the nanocomposite 

D40 membrane possessed the best normalized PSI value. 
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3.2.2. Performance of Membranes Prepared by Physical Adsorption 

Performance of thin film composite membranes 

To select the optimal concentration of ChS aqueous solution, the pervaporation 

performance of the composite membranes prepared by the physical adsorption using 

two concentrations of chitosan succinate was studied. Figure 11 shows the dependence of 

permeation flux and the water content in the permeate on the water content in feed 

mixture in pervaporation of isopropanol/water mixture with different amounts of water 

(12–30 wt.%). 

  

(a) (b) 

Figure 11. Dependence of permeation flux (a) and water content in permeate (b) on the water con-

tent in feed mixture during the pervaporation of isopropanol/water mixture (12–30 wt.% water) for 

TFC ChS/PAN membrane prepared by physical adsorption. 

It was found that membrane permeation flux slightly decreased along with increase 

in the ChS concentration in the solution (Figure 11a) in dehydration of isopropa-

nol/water. Moreover, higher water concentration in feed solution resulted in the signifi-

cant increase in membrane permeation flux (Figure 11a) due to the selective layer swell-

ing. It was shown that selectivity of P3 composite membrane is higher than that for P2 

composite membranes (Figure 11b). Moreover, the selectivity of P3 membrane was found 

to be constant with increase in water concentration in feed. Thus, 3 wt.% ChS aqueous 

solution was selected for further investigations due to the high permeation flux and se-

lectivity of the corresponding composite membrane. 

Performance of TFN membranes prepared by physical adsorption 

In order to investigate the effect of Fe-BTC concentration on the TFN membrane 

performance, 5, 10 and 20 wt.% of Fe-BTC was introduced in to the selective layer. Per-

formance of the developed TFN membranes was studied in pervaporation of isopropa-

nol/water feed mixture with 12, 20 and 30 wt.% water. The dependences of permeation 

flux, water content in the permeate, normalized permeation flux, PSI and normalized PSI 

on the water content in feed solution are shown in Figure 12. 



Membranes 2022, 12, 653 22 of 30 
 

 

  

(a) (b) 

  

(c) (d) 

 

(e) 

Figure 12. Dependence of permeation flux (a), water content in permeate (b), normalized permea-

tion flux (c), PSI (d) and normalized PSI (e) on the water content in feed solution in pervaporation 

of isopropanol/water mixture for ChS-Fe-BTC/PAN membranes prepared by physical adsorption 

with different content of Fe-BTC in the selective layer. 

It was found that the introduction of Fe-BTC into the ChS selective layer led to an 

increase in permeation flux from 168–545 g m−2 h−1 for P3 membrane to 260–817 g m−2 h−1 

for P3-20 TFN membrane in pervaporation of isopropanol/water mixture (12–30 wt.% 
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water). The reason for the permeation flux increase was the same as that for dynamic 

TFN membranes. An increase in permeation flux was noted along with an increase in the 

water content in feed due to the swelling of the selective layer in more dilute solutions 

(Figure 12a). However, an increase in permeation flux did not affect the selectivity of 

TFN membranes in dehydration of isopropanol with 12 wt.% water (Figure 12b). It was 

shown that further increase in the water content in feed solution resulted in loss of 

membrane selectivity, with the exception of P3-5 TFN membrane. TFN membranes P3-10 

and P3-20 demonstrated lower selectivity (92 wt.% water in permeate) in pervaporation 

of isopropanol/water mixture with 30 wt.% water. This means that membranes prepared 

by physical adsorption are characterized by a less cross-linked layer that led to the higher 

swelling. Moreover, due to a lower degree of Fe-BTC dispersion for membranes prepared 

by physical adsorption compared to the dynamic membranes, and the presence of large 

Fe-BTC agglomerates, imperfections of the selective layer may arise at the ChS-Fe-BTC 

interface. Normalized flux was shown to increase with addition of Fe-BTC into the ChS 

selective layer (Figure 12c). PSI values (Figure 12d) confirmed that P3-5 TFN membrane 

was more effective than P3, P3-10 and P3-20 membranes in pervaporation separation of 

investigated isopropanol/water mixtures. Figure 10e showed that thickness of normal-

ized PSI was lower compared to PSI (Figure 12c). However, it correlated with PSI, and it 

was confirmed that P3-5 was more stable in pervaporation of isopropanol with 20 and 30 

wt.% water, although P3-20 TFN membrane possessed the highest thickness normalized 

PSI in pervaporation 88 wt.% isopropanol/12 wt.% water feed mixture. Based on the data 

presented in Figure 12, the optimal concentration of Fe-BTC in the ChS for the mem-

branes prepared by physical adsorption was found to be 5 wt.%. 

3.3. Comparison of D40 and P3-5 TFN Membranes 

Thus, based on the above-described results it can be concluded that TFN membranes 

D40 and P3-5 were found to be the most effective in isopropanol/water pervaporation 

(Figures 10 and 12). Comparison of TFN membrane characteristics is presented in Table 

6. 

Table 6. Comparison of D40 and P3-5 TFN membrane characteristics. 

Membrane Abbreviation 

Parameter 
D40 P3-5 

Selective Layer Thickness [µm] 4.65 0.43 

Roughness parameters 
Ra [nm] 10.39 3.40 

Rq [nm] 14.88 4.48 

Contact angle [°] 41 44 

Permeation flux  

(g m−2 h−1) 

88% isopropanol/12% water 99 180 

80% isopropanol/20% water 296 405 

70% isopropanol/30% water 499 701 

Normalized flux  

(g µm m−2 h−1) 

88% isopropanol/12% water 460 77 

80% isopropanol/20% water 1376 174 

70% isopropanol/30% water 2320 301 

Water content in  

permeate (wt.%) 

88% isopropanol/12% water 99.99 99.99 

80% isopropanol/20% water 99.99 99.99 

70% isopropanol/30% water 99.99 99.99 

PSI 

(kg m−2 h−1) 

88% isopropanol/12% water 7,259 13,050 

80% isopropanol/20% water 19,502 29,362 

70% isopropanol/30% water 36,589 50,822 

Normalized PSI 

(kg µm m−2 h−1) 

88% isopropanol/12% water 33,754 5,612 

80% isopropanol/20% water 90,684 12,626 

70% isopropanol/30% water 170,139 21,853 
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It was found that both types of membranes are effective in the dehydration of iso-

propanol. Higher permeation fluxes were obtained for membranes prepared by physical 

adsorption due to the smaller thickness of the selective layer. However, the structure of 

the selective layer is different for the selective layers prepared by dynamic and physical 

adsorption techniques. According to the normalized flux and normalized PSI, it can be 

concluded that a layer with higher free volume and less dense packing of polymer chains 

is formed in the case of dynamic membranes without deterioration in membrane selec-

tivity (Figures 10c,e and 12c,e and Table 6). Moreover, increase of Fe-BTC concentration 

in the selective layer of dynamic membranes leads to the formation of more stable 

membranes which are less prone to swelling with the increase of water content in the 

feed compared to the TFN membranes prepared by physical adsorption (Figures 9b and 

11b). These differences of selective layer structure and pervaporation performance are 

due to the different mechanisms of selective layer formation which are based on different 

physical phenomena—formation of gel layer due to concentration polarization and 

physical adsorption. The advantage of the dynamic mode of selective layer formation is 

the possibility of obtaining TFC and TFN membranes via modification of commercial 

ultrafiltration modules, which is technologically more feasible and prevents the damage 

of the selective layer during technological operation. Dynamic membranes are more sta-

ble in feed mixtures with higher water content compared to the membranes obtained via 

physical adsorption. However, it is necessary to decrease the thickness of the selective 

layer of dynamic membranes to increase the permeation flux. 

To evaluate from the perspective of industrial application, the stability of the D0, 

D40, P3 and P3-5 membranes was investigated during 36 h of pervaporation (Figure 13). 

  

(a) (b) 

Figure 13. The long-term performance of the D0, D40, P3 and P3-5 membranes in pervaporation of 

88 wt.% isopropanol/12 wt.% water mixture at 25 °C: (a)—permeation flux, (b)—water content in 

permeate. 

It was shown that both D40 and P3-5 TFN membranes were stable in the long-term 

experiment during pervaporation of 88 wt.% isopropanol/12 wt.% water mixture at 25 

°C. It confirmed the formation of a dense defect-free selective layer when Fe-BTC is 

added. Moreover, TFN membranes were revealed to be more stable to swelling and thus 

demonstrated constant water content in permeate compared to the reference membranes, 

for which a slight decrease of water content in permeate was observed. 
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3.4. Comparison of the Performance of the Developed TFN Membranes with Chitosan-Based 

Membranes 

Transport properties of D40 and P3-5 TFN membranes were compared with the lit-

erature data on chitosan-based membranes applied for the dehydration of isopropanol in 

pervaporation process at comparable conditions to the present study. The comparison is 

presented in Table 7. 

Table 7. Comparison of the transport properties of D40 and P3-5 TFN membranes for isopropanol 

dehydration by pervaporation. 

Membranes 
Thickness 

(µm) 

Water Content in 

Feed (wt.%) 
Temperature (°C) 

Permeation Flux 

(g m−2 h−1) 

Separation Factor 

(β) 
References 

D40 4.65 12 25 99 73,326 This study 

P3-5 0.43 12 25 180 73,326 This study 

PERVAPTM 1201 - 12 22 28 73,326 [9] 

Chitosan/polyvinyl alcohol (20 wt.%) 35-40 15 30 130 1625 [19] 

Chitosan/gelatin (15 wt.%) - 10 30 42 6330 [58] 

Polyelectrolyte complex membranes from 

chitosan and polystyrene sulfonic ac-

id-co-maleic acid (9 wt.%) 

40 ~12 30 29 2898 [59] 

Supported chitosan membrane ~0.6–0.7 12 28 130 ~200 [26] 

Chitosan (1 wt.%)–Graphene oxide (0.1 

wt.%)/trimesoyl chloride/3 cycles 
0.432 10 60 4391 1491 [60] 

Chitosan (1 wt.%)–Graphene oxide (0.2 

wt.%)/trimesoyl chloride/3 cycles 
0.682 10 60 2835 2991 [60] 

Chitosan/hydroxy-ethyl-cellulose 

(CS/HEC) 
30-35 10 60 175 26,091 [61] 

Chitosan/Cellulose Acetate composite 

hollow fiber membranes 
- 10 25 166 ~809 [62] 

Chitosan/NaY zeolite (30 wt.%) 40 5 30 115 2620 [63] 

Chitosan cross-linked with sulfo-succinic 

acid 
20 20 40 105 ∞ [64] 

Chitosan cross-linked with tolu-

ene-2,4-diisocyanate 
50 8.4 30 79 472 [65] 

Chitosan/NH4Y zeolite (0.2 wt.%) 30 10 30 39 ~38 [66] 

Chitosan/polyvinyl alcohol (75/25) 18-25 10 60 644 ∞ [67] 

Supported chitosan membrane ~1.26 10 25 409 1490 [68] 

Chitosan/blocked diisocyanate (40 wt.%) 40 10 30 34 2423 [69] 

Chitosan/hydroxy-propyl cellulose (40 

wt.%) 
50 12.5 30 263 320 [70] 

Chitosan (1.5 wt.%)/poly-sulfone compo-

site hollow fiber membranes 
~0.7 30 25 128 78 [71] 

Chitosan/Na+-MMT clay (10 wt.%) 40 10 30 14.23 14,992 [72] 

Polyelectrolyte complex membranes from 

chitosan and phospho-tungstic acid (0.045 

M) 

40 10 30 1170 7490 [73] 

Chitosan-g-polyaniline 40 10 30 19 502 [74] 

The data presented in Table 7 demonstrate that the developed D40 and P3-5 TFN 

membranes exhibit advanced transport properties, either a higher permeation flux or 

separation factor (73,326), compared to other chitosan-based membranes used for per-

vaporation dehydration of isopropanol. It is also worth noting that the developed P3-5 

TFN membrane has a permeation flux ~6.5 times higher with the same level of separation 

factor (73,326) than that for the commercial membrane PERVAPTM 1201 (Sulzer, 

Chemtech, Switzerland) [9] in pervaporation of a azeotrope water/isopropanol (12/88 

wt.%) mixture. 
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4. Conclusions 

Novel TFN membranes for pervaporation based on chitosan succinate modified 

with Fe-BTC on a porous PAN membrane-support were developed by two different 

techniques: dynamic technique and physical adsorption. It was found that an increase in 

the concentration of Fe-BTC in the ChS caused (1) an increase of the selective layer 

thickness due to the rise in the viscosity of solutions (confirmed by SEM); (2) an increase 

in surface roughness of TFN membranes compared to the reference membranes which 

was the result of formation of large globular aggregates of Fe-BTC on the selective layer 

membrane surface (confirmed by AFM); (3) increase in contact angle due to the presence 

of more hydrophobic Fe-BTC units. It was revealed that membrane modification by ad-

dition of Fe-BTC in the selective layer led to a rise in TFN membrane permeation flux, as 

well as normalized flux, selectivity and PSI. Optimal concentrations of Fe-BTC for effec-

tive pervaporation TFN membranes were revealed to be 40 and 5 wt.% for dynamic 

technique and physical adsorption membrane preparation techniques, correspondingly. 

On the base of the described results, it can be concluded that the developed supported 

pervaporation membranes can be used for the separation of industrially significant liquid 

mixtures by the pervaporation method (dehydration of alcohols and organic solvents), in 

oil refining, chemical, pharmaceutical and food industries. 
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