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Abstract: Modern society strives for the development of sustainable processes that are aimed at
meeting human needs while preserving the environment. Membrane technologies satisfy all the
principles of sustainability due to their advantages, such as cost-effectiveness, environmental friend-
liness, absence of additional reagents and ease of use compared to traditional separation methods.
In the present work, novel green membranes based on sodium alginate (SA) modified by a FeBTC
metal–organic framework were developed for isopropanol dehydration using a membrane process,
pervaporation. Two kinds of SA-FeBTC membranes were developed: (1) untreated membranes and
(2) cross-linked membranes with citric acid or phosphoric acid. The structural and physicochemi-
cal properties of the developed SA-FeBTC membranes were studied by spectroscopic techniques
(FTIR and NMR), microscopic methods (SEM and AFM), thermogravimetric analysis and swelling
experiments. The transport properties of developed SA-FeBTC membranes were studied in the
pervaporation of water–isopropanol mixtures. Based on membrane transport properties, 15 wt %
FeBTC was demonstrated to be the optimal content of the modifier in the SA matrix for the mem-
brane performance. A membrane based on SA modified by 15 wt % FeBTC and cross-linked with
citric acid possessed optimal transport properties for the pervaporation of the water–isopropanol
mixture (12–100 wt % water): 174–1584 g/(m2 h) permeation flux and 99.99 wt % water content in
the permeate.

Keywords: mixed matrix membrane; sodium alginate; FeBTC; pervaporation; isopropanol

1. Introduction

Currently, modern society strives for the development of sustainable processes that are
aimed at meeting human needs while preserving the environment. In recent years, the re-
quirements for the characteristics of substances, such as quality, purity and environmental
friendliness, have been increasing. Therefore, the development of energy-efficient meth-
ods and materials, as well as purification technologies, is becoming more popular [1–3].
Membrane technologies meet all of the requirements for “sustainable processes” and
are of great interest due to the following advantages: cost-effectiveness, environmental
friendliness, the absence of additional reagents and the ease of use over traditional separa-
tion methods [4–7]. Pervaporation is a common membrane method for the separation of
low-molecular-weight components in thermally unstable mixtures, as well as azeotropic
mixtures and mixtures of isomers. Pervaporation is often used for the dehydration of alco-
hols. Alcohols are widely used in various fields of industry, in particular chemicals, food,
pharmaceuticals, etc. Isopropanol/water is a widespread model to study water–alcohol
mixtures. Since this mixture contains an azeotrope with a water content of 12 wt % and
a boiling point of 80.3 ◦C [8], it is difficult to separate by traditional methods. Moreover,
traditional separation techniques, as a rule, do not correspond to “sustainable processes”.
The rapid development of this method requires the search for new membrane materials
with the desired properties. There are two large classes of membrane materials usually
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used for pervaporation dehydration, ceramic and polymeric. Ceramic membranes have
high chemical and thermal resistance and a lack of plasticization. However, they also has
some disadvantages, such as fragility, high cost and poor reproducibility of transport char-
acteristics [9]. The second type is polymeric membranes, which have good film formation,
mechanical properties, price and reproducibility of transport characteristics, but low perme-
ability or selectivity. For the pervaporation of isopropanol–water mixtures, ceramic [10,11],
hydrophilic pervaporation polymeric membranes [12–23] and commercial membranes
based on PVA (Pervap 2201, Sulzer Chemtech, Allschwil, Switzerland), amorphous per-
fluorinated polymers (CMS, Compact Membrane Systems) and those based on aromatic
polyamide (reverse osmosis membranes—SWC5, ESPA2 and CPA5, Japan) [24–26] were
applied. The following polymeric membrane materials are widely employed: polyvinyl
alcohol (PVA) [12,13], sodium alginate (SA) [14–18], polyvinyl amine [19], chitosan [20–22],
poly(ionic liquid) complex (PILC) [23], etc. However, it is worth noting that polymer
membranes suffer from a permeation flux/selectivity trade-off, i.e., a high separation factor
is combined with a relatively low permeation flux or vice versa [27,28]. This problem and
the rapid development of technologies focused on environmental protection, the economy
and the industrial sector, has led to the development of novel pervaporation membranes
based on high-performance composite materials. A composite, as a rule, consists of at
least two materials, one of which is a matrix and the other of which is a filler (modifier);
such a combination provides the advantages of both components of the composite [29].
Thus, composite materials are often used to create mixed matrix membranes for the perva-
poration with the aim of obtaining tailored transport characteristics and preventing the
permeability/selectivity trade-off.

In this work, a widely used water-soluble biopolymer, sodium alginate (SA), was
chosen as the polymer matrix, since the membrane materials on the basis of SA meet all
the requirements of a “sustainable process”. SA is extracted from brown algae that grow in
cold-water regions [30] and is widely used as a membrane material for the production of
membranes due to its unique chemical and mechanical properties, good film formation, low
cost, etc. The following applications of SA as a membrane material have been described in
the literature: ultrafiltration [31], pervaporation [14,18,32–38] and nanofiltration [39,40], as
well as a polyelectrolyte [41–43]. Different fillers such as dextrin [44], metal oxides [45–48],
glycogen [49], graphene oxide [50], covalent organic frameworks [51,52], fullerenol [14],
zeolites [34,53] and metal–organic frameworks (MOFs) [18,36,54–57] are used to improve
SA membrane characteristics. MOFs are promising fillers for creating mixed matrix mem-
branes due to their unique design and simplicity of modification, and the high compatibility
between the polymer matrix and the filler [58]. The use of MOFs as a modifier affects the
hydrophilic/hydrophobic balance of the surface, the free volume and the sorption charac-
teristics of the polymer matrix due to the porous structure of the MOFs [18]. MOFs are used
as modifiers for polymer membranes in such membrane processes as ultrafiltration [59–63],
nanofiltration [64–70], pervaporation [13,18,36,54–57,71–94], etc.

MOFs were shown to be capable of improving the transport properties of perva-
poration membranes based on chitosan [83,84,92], polydimethylsiloxane (PDMS) [77,78],
polyimide [79,80], polyamide [91], polyarylethersulfone [82], PVA [13,85–88],
poly(ethyleneimine) [94], polyether-block-amide (PEBA) [81], cardo polyetherketone
(PEK-c) [93], etc. For the modification of pervaporation membranes based on SA, the
following MOFs were tested in previous publications: [Eu(BTB)(H2O)2·solvent]n [55],
FeIII-HMOF-5 [57], hollow zeolitic imidazolate framework-8 (HZIF-8) [36], zeolitic im-
idazolate frameworks ZIF-L and ZIF-8 [56], NH2-MIL-125(Ti) [54], Zr-MOFs (UiO-66,
UiO-66(NH2)-AcOH and UiO-66(NH2)-EDTA) [18]. The improvement of pervaporation
SA membranes is associated with the porous and hydrophilic/hydrophobic structure of
MOF nanoparticles, and increased sorption of water due to the presence of metal ions.

To the best of our knowledge, there is no information about pervaporation membranes
based on SA modified with FeBTC particles. FeBTC is an unconventional representative
of the MOF class due to its semi-crystalline/semi-amorphous nature [95]; moreover, this
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MOF is commercially available and is produced under the brand Basolite F300. FeBTC is an
iron (III) trimesate (Fe (III) and 1,3,5-benzoletricarboxylate) with a microporous structure
(window sizes 5.5 and 8.6 A) [96]. FeBTC has high chemical stability, in particular, in air [97],
water [97] and organic solvents [98], which makes this structure suitable for use as a filler
for polymer membranes. FeBTC was successfully applied as a filler for a pervaporation
membrane based on polylactic acid for the separation of a methanol/methyl tert-butyl ether
(MTBE) mixture [99]. To the best of our knowledge, there are no data in the literature on
the use of FeBTC for the modification of water-soluble pervaporation polymer membranes
for dehydration.

The aim of the present work was to develop novel green membranes based on SA mod-
ified by FeBTC for the pervaporation dehydration of isopropanol. We were able to improve
the transport properties of the developed dense SA-FeBTC membranes through modifica-
tion, due to the following properties of the used MOF: porous structure of FeBTC, stability
in water and organic solvent and hydrophobic/hydrophilic properties. All that affects the
sorption characteristics, free volume and surface of the developed membranes. Two kinds
of SA-FeBTC membranes were developed: (1) untreated membranes and (2) cross-linked
membranes with citric acid or phosphoric acid. The structural and physicochemical prop-
erties of the developed untreated and cross-linked SA-FeBTC membranes were studied
by spectroscopic techniques (FTIR and NMR), microscopic methods (SEM and AFM),
thermogravimetric analysis (TGA) and swelling experiments. The transport properties
of the developed SA-FeBTC membranes were studied in the pervaporation of water–
isopropanol (30/70 wt %) mixtures for untreated membranes, and in the pervaporation of
water–isopropanol with 12–100 wt % water for cross-linked membranes.

2. Materials and Methods
2.1. Materials

Sodium alginate SA (viscosity of 90 cps, BIOPROD, St. Petersburg, Russia) was used
as the membrane material. FeBTC (Basolite F300, produced by BASF), purchased from
Sigma–Aldrich (St. Petersburg, Russia), was used as a modifier for the SA modification.
Isopropanol (i-PrOH) and citric and phosphoric acids (Vekton, St. Petersburg, Russia),
used to cross-link the SA-based membranes, were applied without further purification.

2.2. Dense Membrane Preparation

To prepare unmodified membranes, an SA solution was prepared at 45 ◦C for 5 h
with constant stirring using a magnetic stirrer. The SA-FeBTC composites were prepared
by the solid-phase method by simultaneous grinding and mixing of SA and FeBTC in an
agate mortar. Up to 20 wt % FeBTC with respect to the polymer weight, was added to
the polymer matrix. The resulting SA-FeBTC mixture was dissolved in distilled water at
45 ◦C for 5 h with constant stirring using a magnetic stirrer. Next, the SA and SA-FeBTC
solutions obtained were sonicated at room temperature and poured into Petri dishes for
subsequent preparation of dense membranes. Dense membranes were prepared by solvent
evaporation in an oven at 40 ◦C for 24 h. The thickness of the dense SA and SA-FeBTC
membranes, measured with a micrometer, was 25 ± 3 µm.

To use the membranes over the entire concentration range, the polymer chains of
the developed SA and SA-FeBTC membranes were cross-linked with citric or phosphoric
acids. For this purpose, the polymer films were immersed in a solution of 3.5 wt %
citric or 3.5 vol % phosphoric acid in water/isopropanol (30/70 wt % or 10/90 vol %,
respectively) mixture for 180 min at room temperature. The remaining acids were removed
with deionized water. After that, the dense membranes were ready for further use. Table 1
shows the designations of membranes developed in this work.
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Table 1. Developed dense membranes based on SA and SA-FeBTC composites.

Membrane Thickness,
µm

Content of FeBTC,
wt.% Cross-Linking Method

SA-0 25 0 −
SA-5 25 5 −

SA-10 25 10 −
SA-15 25 15 −
SA-20 25 20 −

SA-0/CA 25 0 3.5 wt % citric acid
SA-15/CA 25 15 3.5 wt % citric acid
SA-0/PA 25 0 3.5 vol % phosphoric acid

SA-15/PA 25 15 3.5 vol % phosphoric acid

2.3. Fourier Transform Infrared Spectroscopy (FTIR)

Structural changes in the SA and SA-FeBTC membranes were studied using a BRUKER-
TENSOR 27 spectrometer (Shimadzu, St. Petersburg, Russia), to which an attenuated total
reflectance (ATR) accessory was attached. The measurement was carried out at 25 ◦C in
the range of 600–4000 cm−1.

2.4. Nuclear Magnetic Resonance (NMR)

NMR was carried out using a Bruker Avance III 400 WB NMR spectrometer (Bruker,
Ettlingen, Germany) with a 3.2 mm CP/MAS probe, magnetic field 9.4 T and Larmor
frequency of 100.64 MHz. The NMR experiments were carried out in a 3.2-mm zirconium
oxide rotor, which was spun at 12.5 kHz. {1H}13C CP/MAS NMR spectra were collected
for 8192 sample scans, with a contact time of 2 ms and a relaxation time of 5 s. Liquid
tetramethylsilane (TMS) was used as an external reference for 13C nuclei.

2.5. Scanning Electron Microscopy (SEM)

The inner morphology and surface of dense SA and SA-FeBTC membranes were
studied by SEM on a Zeiss AURIGA Laser at 1 kV (Carl Zeiss SMT, Oberhochen, Germany).
Cross-sections of the membranes were obtained by breaking the membrane perpendicular
to the surface in liquid nitrogen.

2.6. Atomic Force Microscopy (AFM)

Atomic force microscope NT-MDT NTegra Maximus (standard silicon cantilevers,
rigidity of 15 N·m−1 in tapping mode) was used to investigate the surface topography of
the SA and SA-FeBTC membranes (NT-MDT Spectrum Instruments, Moscow, Russia).

2.7. Swelling Measurements

The equilibrium swelling degree (sorption) was studied in an isopropanol/water
azeotropic mixture, in a 30/70 wt % water/isopropanol mixture for the untreated and
cross-linked SA and SA-FeBTC membranes, as well as in water for cross-linked SA and
SA-FeBTC membranes by the gravimetric method at 25 ◦C. Each membrane was put into a
weighing bottle and the weight of the membranes was checked regularly until complete
swelling.

To calculate the swelling degree, S, Equation (1) was used:

S =
ms − mo

mo
∗ 100% (1)

where ms (g) is the weight of the swollen membrane and mo (g) is the initial weight of the
dry membrane.

2.8. Thermogravimetric Analysis (TGA)

The thermochemical properties of the SA and SA-FeBTC membranes were studied by
thermogravimetric analysis (TGA) on a Thermobalance TG 209 F1 Libra (Netzsch, Leuna,



Sustainability 2021, 13, 6092 5 of 25

Germany) in the heating temperature range from 37 to 570 ◦C at a heating rate of 10 ◦C/min
in an argon atmosphere.

2.9. Pervaporation Experiment

The transport properties of the developed dense SA and SA-FeBTC membranes
were studied in a laboratory cell for pervaporation with an effective membrane area of
9.6 × 10−4 m2 in a stationary mode with residual pressure under a membrane of 0.2 mbar
with stirring at 22 ◦C [18]. In pervaporation experiments, the first permeate sample was
collected after 30 min and not analyzed, since during this time the initial swelling of the
membrane in the feed and the membrane preconditioning were achieved [100,101]. The
following permeate samples were collected during various time periods (from 10 min
to 3 h) depending on the performance of the membrane, but the permeate weight was
above 0.3 g to obtain reliable data on membrane selectivity and permeate composition. The
composition of the permeate and the feed was investigated on a Chromatec Crystal 5000.2
gas chromatograph (Chromatec, Nizhny Novgorod, Russia) on a “Hayesep R” column
with a thermal conductivity detector; the column was 2 m long and 3 mm in diameter.

The permeation flux J (kg/(m2h)) of the dense SA and SA-FeBTC membranes was
calculated as described previously [102]:

J =
W
A·t (2)

where W (kg) is the mixture weight that permeated through the membrane, A (m2) is the
effective membrane area and t (h) is the time of the measurement.

The normalized permeation flux Jn (kg/(m2·h·µm)) of the dense SA and SA-FeBTC
membranes was calculated by the following equation:

Jn = J/l (3)

where J is the permeation flux and l is membrane thickness.
Additionally, such parameters as the separation factor (β), component permeances

(P/l) and pervaporation separation index (PSI) were calculated to assess the effectiveness of
membranes.

The separation factor (β) was calculated by the following equation [103]:

β =
yi/yj

xi/xj
(4)

where yi and yj are the weight of the components i and j in the permeate; xi and xj are the
weight of the components i and j in the feed.

The permeance P/l was determined as previously described by Baker et al. [103]:

P/l =
ji

pi f − pip

, (5)

where ji is the partial flux of component i; l is the membrane thickness; and pi f and pip

are the vapor pressures of component i in the feed and the permeate, respectively. Gas
permeation units (GPU) were used to express the permeances of the water and isopropanol
(1 GPU = 1 × 10−6 cm3 (STP)/cm2 s cm Hg; 1 m3 m/m2 s kPa = 1.33 × 108 GPU).

The pervaporation separation index (PSI) was calculated by the following equation:

PSI = J·(β − 1). (6)

To ensure the accuracy of all assessed parameters, data were collected in triplicate and
for subsequent presentation the average value was used. A series of one type of membrane
was always prepared. Each membrane from this series was tested separately in a perva-
poration unit under certain conditions. Every untreated (uncross-linked) membrane from
one series was studied by pervaporation at one concentration of the water–isopropanol
(30/70 wt %) mixture, collecting several permeate and retentate samples. Every cross-
linked membrane from one series was studied by continuous pervaporation at the series
of water concentration in the feed (12–100 wt % water): several permeate and retentate
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samples at a certain feed concentration were collected, and the concentration of water in
the mixture was increased and studied in the same way. The obtained average accuracies
were ±0.5% for water content in the permeate and ±5% for the permeation flux for the
dense SA and SA-FeBTC membranes.

3. Results

Based on the conducted pervaporation experiments on isopropanol dehydration
(Section 3.2.1), the optimal content of the modifier FeBTC in SA matrix was chosen 15 wt %
due to the improved transport characteristics. Thus, the study of the structure and physico-
chemical properties (Section 3.1) is presented, in particular, for membranes modified with
15 wt % FeBTC.

3.1. Structure and Physicochemical Properties Investigation of Untreated and Cross-Linked SA and
SA-FeBTC Membranes
3.1.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy was used to study the structural changes of the untreated and
cross-linked membranes based on SA and the composite containing 15 wt % FeBTC in the
SA matrix. The IR spectra of the untreated and cross-linked SA-0 and SA-15 membranes
are shown in Figure 1.

The IR spectrum for the SA-0 membrane (Figure 1a) shows a broad band at 3251 cm−1

and a minor peak with a maximum at 2918 cm−1, which correspond to vibrations of O–H
and C–H bonds, respectively. In the low-frequency region, two pronounced peaks are
observed at 1591 cm−1 and 1406 cm−1, which correspond to symmetric and asymmetric
stretching vibrations of the carboxylate group, respectively. The high-intensity peak at
1022 cm−1 corresponds to overlapping stretching vibrations from alcohol and ether groups
for C–O. The broad band at 674 cm−1 may be associated with O–H out-of-plane vibrations.
After the introduction of FeBTC into the SA matrix, the peak at 3251 cm−1 corresponding
to the O–H groups decreases. The bands with maxima at 1631 and 1450 cm−1 correspond
to the –C=O asymmetric and symmetric stretching vibrations of organic ligands, respec-
tively [104]. These changes may indicate the formation of hydrogen and electrostatic bonds
between the polymer and the FeBTC modifier [57].

For the SA-0/CA membrane (Figure 1b), a broadening of a peak at 1597 cm−1 and the
presence of a peak at 1238 cm−1 are observed, which correspond to the stretching of C=O
and C–O–C ether bonds between the rings in the main chain of SA, respectively. These
changes compared to the SA-0 membrane (Figure 1a) indicate the cross-linking of the SA
chains with citric acid [105]. A small peak in the range of 1300–1400 cm−1 for the SA-0/PA
membrane (Figure 1c) corresponds to the specific absorption of the –C–O–P– bond, which
confirms the cross-linking of the SA chains with phosphoric acid [105]. Furthermore,
for the cross-linked SA-0/CA and SA-0/PA membranes, peaks are observed at 1725 and
1720 cm−1, respectively, confirming the formation of ester bonds during the cross-linking
reaction between CA, PA hydroxyl and SA carboxyl groups [105]. After the introduction
of 15 wt % FeBTC into the SA matrix and cross-linking of the membranes with acids
(Figure 1b,c), the spectra also show characteristic peaks of the MOF.

3.1.2. Nuclear Magnetic Resonance (NMR)

NMR spectra of the untreated and cross-linked membranes based on SA and SA-FeBTC
(15%) composite, decomposed into components, are shown in Figures 2 and 3, respectively.
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Figure 1. IR spectra of untreated cross-linked membranes: (a) SA-0 and SA-15, (b) SA-0/CA and SA-15/CA, (c) SA-0/PA
and SA-15/PA.

The spectrum of the SA-0 membrane presented in Figure 2a demonstrates that the
degree of membrane crystallinity is 49% (based on the ratio of integral areas of the spec-
trum components in the region of 90–110 ppm). For the membranes cross-linked with
acids (Figure 2b,c), the spectral lines of carboxyl carbon atoms exhibit inhomogeneous
broadening in the form of an additional component at about 174 ppm. This behavior can be
associated with the substitution of sodium ions by hydrogen during the reduction process
(the protonation of the carboxyl group). Thus, it can be concluded that SA remains intact
about 12% for the SA-0/CA (Figure 2b) and 14% for the SA-0/PA (Figure 2c) according
to the line area in the range 160–190 ppm. Furthermore, cross-linking of the membranes
decreases the degree of crystallinity to 39% for the SA-0/CA and 29% for the SA-0/PA.
For the SA-0/PA membrane (Figure 2c), a low-intensity spectral component of about
71 ppm appears of the spectrum, which may correspond to the formation of a bond
with phosphoric acid –C–O–P–, which was also confirmed by the FTIR data (Figure 1).
Moreover, the relative abundance of such functional groups is about 2–3%.
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Figure 3 shows 13C NMR spectra of the untreated and cross-linked membranes based
on the SA-FeBTC (15 wt %) composite. Spectral components in the range of 90–110 ppm
(Figure 3a) indicate that the introduction of FeBTC does not affect the chemical nature of SA
but reduces the degree of crystallinity to 30% due to the FeBTC semi-amorphous structure,
resulting in the increased permeability of the modified SA-15 membrane (Figure 9). The
addition of FeBTC has a small effect on the reduction of carboxyl groups when exposed to
acids. In particular, the amount of residual sodium ions is 17% for SA-15/CA (Figure 3b)
and 13% for SA-15/PA (Figure 3c). The degree of crystallinity of the SA-15/CA mem-
brane hardly changed, remaining at 38% compared to the SA-0/CA membrane, while
for SA-15/PA it increased to 44% compared to the SA-0/PA membrane (Figure 2b,c).
At the same time, the number of –C–O–P– groups remained practically unchanged and
amounted to 3%.

3.1.3. Thermogravimetric Analysis (TGA)

The thermal stability of the untreated and cross-linked membranes based on SA
and the SA-FeBTC composite was investigated by TGA. The obtained thermograms are
presented in Figure 4.
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Figure 4. Thermogravimetric curves for the SA and SA-FeBTC membranes: (a) untreated and (b) cross-linked. 

Figure 4a shows three stages of weight loss for all untreated membranes in the fol-
lowing temperature ranges: (1) 35–210 °C; (2) 210–260 °C; and (3) ˃260 °C. The first stage 
of weight loss is attributed to the evaporation of desorbed water in membranes [16]; the 
weight loss for all untreated membranes was approximately the same and equaled 10–
15% at 210 °C. The second stage corresponds to the thermal decomposition of carboxyl 
and hydroxyl groups, while the final weight loss step corresponds to the decomposition 

Figure 4. Thermogravimetric curves for the SA and SA-FeBTC membranes: (a) untreated and (b) cross-linked.

Figure 4a shows three stages of weight loss for all untreated membranes in the fol-
lowing temperature ranges: (1) 35–210 ◦C; (2) 210–260 ◦C; and (3) >260 ◦C. The first stage
of weight loss is attributed to the evaporation of desorbed water in membranes [16]; the
weight loss for all untreated membranes was approximately the same and equaled 10–15%
at 210 ◦C. The second stage corresponds to the thermal decomposition of carboxyl and
hydroxyl groups, while the final weight loss step corresponds to the decomposition of the
polymer backbones [51]. The introduction of FeBTC increased the thermal stability of SA
membranes proportionally to the content of MOF in the polymer matrix. So, the weight loss
for the SA-0 membrane was 58.3%, while for the SA-20 membrane it was 52.7% at 550 ◦C.

For the cross-linked membranes (Figure 4b), three areas of weight loss are also
observed: for membranes cross-linked with citric acid: (1) 35–180 ◦C, (2) 180–290 ◦C,
(3) >290 ◦C; for membranes cross-linked with phosphoric acid: (1) 35–160 ◦C, (2) 160–210 ◦C,
(3) >210 ◦C. At the same time, weight loss for the cross-linked membranes is smoother than
that for the untreated ones. The use of phosphoric acid for cross-linking increased thermal
stability (weight loss at 550 ◦C for the SA-0/PA and SA-15/PA membranes was 53.3%
and 50.3%, respectively), compared to citric acid (weight loss at 550 ◦C for the SA-0/CA
and SA-15/CA membranes was 63.4% and 58.8%, respectively). This was related to the
stronger cross-linking of the polymer chains by PA (confirmed by swelling data in water
in Section 3.1.6). It is also worth noting that the cross-linked membranes modified with
FeBTC (SA-15/PA and SA-15/CA) had a higher thermal stability (reduced weight loss)
than the unmodified cross-linked membranes (SA-0/PA and SA-0/CA).
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3.1.4. Scanning Electron Microscopy (SEM)

The inner structure of the untreated and cross-linked SA and SA-FeBTC membranes
was studied by SEM. The cross-sectional and surface SEM micrographs for untreated and
cross-linked SA and SA-FeBTC membranes are presented in Figures 5 and 6, respectively.
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Figure 5. The cross-sectional and surface SEM micrographs of the untreated SA and SA-FeBTC membranes: (a) SA-0,
(b) SA-5, (c) SA-10, (d) SA-15 and (e) SA-20.
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The presented SEM micrographs show the smooth structure of the cross-section and
surface for the SA-0 membrane (Figure 5a). The introduction of up to 15 wt % FeBTC does
not significantly change the cross-sectional structure, while at 20 wt % FeBTC (for SA-20
membrane), the particles are clearly visible on the cross-section. The introduction of FeBTC
modifies the membrane surface: with an increase in the FeBTC content, the number of
agglomerates increases on the membrane surface.

The cross-linking of the membranes based on pure SA with acids results in a “rougher”
cross-section with small plastic deformations (Figure 6a,c) compared to the untreated
SA-0 membrane (Figure 5a). The membrane surface (Figure 6a,c) remains practically
unchanged when polymer chains are cross-linked with acids compared to the untreated
SA-0 membrane (Figure 5a). The introduction of 15 wt % FeBTC and cross-linking with
acids significantly changed the cross-sectional structure, with a large number of great plas-
tic deformations and irregularities compared to the unmodified cross-linked membranes.
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It should be noted that the cross-section is coarser (with larger modifications) for the
membrane cross-linked with phosphoric acid (SA-15/PA, Figure 6d) than for the mem-
brane cross-linked with CA (SA-15/CA, Figure 6b). For the SA-15/PA and SA-15/CA
membranes, FeBTC particles are visible on the membrane surface, resulting in a rough
surface structure compared to the unmodified cross-linked membranes. Moreover, for the
SA-15/CA membrane, more particles and a rougher surface are observed, which generates
more sorption centers for the feed components on the membrane surface, leading to the
highest values of permeation flux (Figure 10a).

3.1.5. Atomic Force Microscopy (AFM)

The surface roughness of the untreated and cross-linked SA and SA-FeBTC membranes
was studied by AFM. AFM images with a scan size of 100 µm × 100 µm for the membranes
under study are presented in Figures 7 and 8, respectively.
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Figure 7. AFM images of the untreated SA and SA-FeBTC membranes: (a) SA-0, (b) SA-5, (c) SA-10, (d) SA-15 and (e) SA-20.

The surface roughness characteristics (average roughness (Ra) and root mean square
roughness (Rq)) of the untreated SA and SA-FeBTC membranes were calculated based on
the AFM images (Figure 7) and are presented in Table 2.

Table 2. The values of average roughness (Ra) and root mean square roughness (Rq) of the untreated
SA and SA-FeBTC membranes.

Membrane Ra, nm Rq, nm

SA-0 4.8 7.9
SA-5 279.9 358.9

SA-10 327.2 418.3
SA-15 416.4 520.9
SA-20 424.4 536.5
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Figure 8. AFM images of the cross-linked SA and SA-FeBTC membranes: (a) SA-0/CA, (b) SA-15/CA, (c) SA-0/PA and
(d) SA-15/PA.

The data presented in Table 2 demonstrate that the introduction of FeBTC into the
SA matrix significantly increases the values of average roughness (Ra) and root mean
square roughness (Rq), with a rise in the modifier content in the polymer matrix. The
maximum values of Ra and Rq are observed for the SA-20 membrane (88.4-fold increase in
Ra and 67.9-fold increase in Rq compared to the untreated SA-0 membrane), due to the
highest agglomeration of FeBTC particles being on the membrane surface (confirmed by
SEM data, Figure 5e). The roughness of the membrane surface affects the sorption of the
components of the mixture to be separated. For the SA-15 and SA-20 membranes, close
values of surface roughness parameters were observed. However, the SA-20 membrane
had a lower permeability compared to the SA-15 membrane (Figure 9), which was related
to the large degree of nanoparticle agglomeration on the surface causing hindered transport
of the feed components through the membrane.

The surface roughness characteristics (average roughness (Ra) and root mean square
roughness (Rq)) of the cross-linked SA and SA-FeBTC membranes were calculated based
on the AFM images (Figure 8) and are presented in Table 3.

Table 3. The values of average roughness (Ra) and root mean square roughness (Rq) of the cross-
linked SA and SA-FeBTC membranes.

Membrane Ra, nm Rq, nm

SA-0/CA 11.3 20.6
SA-15/CA 477.4 587.0
SA-0/PA 9.3 14.3

SA-15/PA 309.6 382.7
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Figure 9. Dependence of the (a) permeation flux, (b) water and isopropanol permeances and (c) PSI on the FeBTC content 
in the sodium alginate (SA) matrix for the pervaporation of the water/isopropanol (30/70 wt %) mixture at 22 °C. The water 
content in the permeate for all membranes was 99.99 wt %. 

The developed membranes based on the SA and SA-FeBTC composites are highly 
selective with respect to water (the water content in the permeate is 99.99 wt %). The per-
meation flux for the modified SA-FeBTC membranes increased compared to a membrane 
based on SA. The maximum permeation flux of 0.36 kg/(m2h) was demonstrated by a 
membrane containing 15 wt % FeBTC in the SA matrix (SA-15), which is ~18% higher than 
for a membrane based on pure SA (SA-0). The maximum value of the permeation flux is 
consistent with the structural and physicochemical properties of the membranes: the in-
creased membrane surface roughness and swelling degree in separated mixture (con-
firmed by AFM and swelling degree data in Sections 3.1.5 and 3.1.6). The decrease in the 
permeation flux for the SA-20 membrane is due to the high agglomeration of FeBTC in 
the SA matrix and on the membrane surface (confirmed by SEM and AFM data in Sections 
3.1.4 and 3.1.5), which leads to hindered mass transfer of the feed components through 
the membrane. Figure 1b shows the dependence of the component (water and isopropa-
nol) permeances and PSI on the FeBTC content in the SA matrix. It was shown that the 

Figure 9. Dependence of the (a) permeation flux, (b) water and isopropanol permeances and (c) PSI on the FeBTC content in
the sodium alginate (SA) matrix for the pervaporation of the water/isopropanol (30/70 wt %) mixture at 22 ◦C. The water
content in the permeate for all membranes was 99.99 wt %.

The data presented in Table 3 demonstrate that the membrane cross-linking increases
the values of average roughness (Ra) and root mean square roughness (Rq) compared to
the SA-0 membrane (Table 2). The introduction of 15 wt % FeBTC and cross-linking by
citric acid (SA-15/CA membrane) increases Ra 42.2-fold and Rq 28.5-fold compared to
the SA-0/CA membrane, while the introduction of 15 wt % FeBTC and cross-linking with
phosphoric acid (SA-15/PA membrane) increases Ra 33.3-fold and Rq 26.8-fold compared
to the SA-0/PA membrane. The roughness of the membranes is consistent with the SEM
data (Figure 6) and the transport properties of cross-linked SA and SA-FeBTC membranes
(Figure 10a). The SA-15/CA membrane has the largest values of surface roughness, causing
the highest values of permeation flux among the cross-linked membranes (Figure 10a).

3.1.6. Swelling Degree

The swelling degree was studied in a water–isopropanol mixture (30/70 wt %) and
pure water. For the untreated SA and SA-FeBTC membranes, the swelling degree was
studied only for the water/isopropanol (30/70 wt %) mixture since these membranes
instantly dissolve in pure water. The data are shown in Table 4.
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Table 4. Swelling degree in water/isopropanol mixture and water for the SA and SA-FeBTC membranes.

Membrane
Swelling Degree, %

Water/Isopropanol (30/70 wt %) Water

SA-0 13 −
SA-15 19 −

SA-0/CA 27 120
SA-15/CA 49 166
SA-0/PA 28 85

SA-15/PA 35 99
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The data presented in Table 4 demonstrate that the addition of 15 wt % FeBTC (SA-15
membrane) increases the swelling degree in the water–isopropanol mixture compared
to the SA-0 membrane, which may be due to the decreased crystallinity degree of the
modified SA-15 membrane (confirmed by NMR data, Figure 2). The cross-linking of the SA
and SA-FeBTC membranes with acids stabilizes them in water compared to the untreated
SA-0 and SA-15 membranes, as the cross-linking of sodium alginate with acids (CA and PA)
leads to the robust cross-linking of polymer chains according to the mechanisms described
in [37,106]. The SA-0/PA membrane has a lower swelling degree in water (85%) compared
to the SA-0/CA membrane (120%). This indicates a greater degree of cross-linking of the
polymer chains with PA, resulting in a lower permeability in the pervaporation dehydra-
tion of isopropanol (Figure 10a). The data on the swelling degree in the water–isopropanol
(30/70 wt %) mixture indicate a change in the structural characteristics during the cross-
linking of the membranes. The increased swelling degree for cross-linked SA-0/CA and
SA-0/PA membranes compared to the SA-0 membrane may be associated with the forma-
tion of a hydrophilic electrolyte complex during the cross-linking and the change in the
surface characteristics of the membranes. The introduction of 15 wt % FeBTC and the cross-
linking of polymer chains of sodium alginate with acids (CA and PA) increases the swelling
degree in both pure water and a water–isopropanol (30/70 wt %) mixture as compared
with the uncross-linked SA-15 and cross-linked SA-0/PA and SA-0/CA membranes. This
may be related to the porous structure of the modifier FeBTC, selective sorption of water by
iron ions and the semi-amorphous nature of the modifier FeBTC. An increase in swelling
results in increased permeation flux of the modified membranes (Figures 9 and 10a).

3.2. Transport Properties of SA and SA-FeBTC-Based Membranes
3.2.1. Pervaporation Performance of the Untreated SA and SA-FeBTC Membranes

Pervaporation is most often used not as an independent process, but in hybrid pro-
cesses, for example, in “pervaporation + distillation,” where a mixture containing up to
30 wt % of water often comes out of the distillation column. To study the developed mem-
branes under conditions close to the real, the transport properties of untreated SA-FeBTC
membranes were studied in the pervaporation of a water–isopropanol (30/70 wt %) mix-
ture at 22 ◦C. The dependence of the permeation flux, water content in the permeate,
component (water and isopropanol) permeances and PSI on the FeBTC content in the SA
matrix is presented in Figure 9.

The developed membranes based on the SA and SA-FeBTC composites are highly
selective with respect to water (the water content in the permeate is 99.99 wt %). The
permeation flux for the modified SA-FeBTC membranes increased compared to a membrane
based on SA. The maximum permeation flux of 0.36 kg/(m2h) was demonstrated by a
membrane containing 15 wt % FeBTC in the SA matrix (SA-15), which is ~18% higher
than for a membrane based on pure SA (SA-0). The maximum value of the permeation
flux is consistent with the structural and physicochemical properties of the membranes:
the increased membrane surface roughness and swelling degree in separated mixture
(confirmed by AFM and swelling degree data in Sections 3.1.5 and 3.1.6). The decrease in
the permeation flux for the SA-20 membrane is due to the high agglomeration of FeBTC
in the SA matrix and on the membrane surface (confirmed by SEM and AFM data in
Sections 3.1.4 and 3.1.5), which leads to hindered mass transfer of the feed components
through the membrane. Figure 1b shows the dependence of the component (water and
isopropanol) permeances and PSI on the FeBTC content in the SA matrix. It was shown
that the SA-15 membrane has the highest water permeance and PSI, which demonstrated
the efficiency of the separation of the water/isopropanol (30/70 wt %) mixture by this
membrane. Thus, 15 wt % FeBTC was chosen as the optimal concentration of the modifier
in SA matrix. This membrane was submitted to further cross-linking with acids to achieve
membrane stability in diluted isopropanol solutions.
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3.2.2. Pervaporation Performance of Cross-Linked SA and SA-FeBTC Membranes

For the use of membranes in a wide concentration range of isopropanol solutions,
cross-linked SA and SA-FeBTC (15%) membranes were developed. Polymer chains of
SA were cross-linked with phosphoric and citric acids. Transport properties of cross-
linked membranes such as permeation flux, water content in permeate, separation factor,
component (water and isopropanol) permeances and PSI in the pervaporation of the
water/isopropanol mixture at 22 ◦C are shown in Figure 10.

The data presented in Figure 10 demonstrate that the cross-linking of polymer chains
with acids makes it possible to use the developed cross-linked dense membranes in the
pervaporation separation of the entire concentration range of a water/isopropanol mix-
ture (12–100 wt % water). The unmodified membrane cross-linked by phosphoric acid
(SA-0/PA) has a lower permeation flux compared to the membrane cross-linked by cit-
ric acid (SA-0/CA). The more noticeable decrease in the permeation flux in the case of
cross-linking with phosphoric acid as compared with citric acid can be related to a stronger
(deeper) membrane cross-linking due to protonation of the carboxyl group and the forma-
tion of –C–O–P– bonds (confirmed by FTIR and NMR data, Sections 3.1.2 and 3.2.1). In
the case of citric acid, only the protonation of the carboxyl group was observed by NMR
(Section 3.1.2). At the same time, cross-linking with citric acid led to a decrease in the water
content in the permeate (Figure 10a), which was related to the higher swelling degree of
this membrane in water compared to the SA-0/PA membrane (confirmed by the swelling
degree data, Section 3.1.6). Cross-linking of polymer chains with acids decreased the per-
meation flux from 0.306 kg/(m2h) for the unmodified membrane to 0.229 kg/(m2h) for the
cross-linked membrane with citric acid, and to 0.148 kg/(m2h) for the cross-linked mem-
brane with phosphoric acid due to a decrease in free volume between polymer chains. The
introduction of 15 wt % FeBTC increased permeation flux compared with the unmodified
cross-linked membranes. It is also worth noting that the SA-15/CA membrane has 27–71%
higher permeation flux in the pervaporation of the water/isopropanol (12–100 wt % water)
mixture compared to the SA-15/PA membrane (Figure 10a). Figure 10b shows that three
membranes (SA-15/CA, SA-0/PA and SA-15/PA) have the same separation factor over the
entire concentration range, since the water content in the permeate for these membranes
was constant at 99.99 wt %. For the SA-0/CA membrane, the separation factor was lower
(water content in the permeate more 96.4 wt %, Figure 10a). Figure 10c,d shows the depen-
dence of the component (water and isopropanol) permeances on the water content in the
feed. As it was mentioned in the introduction, the development of the novel membranes
was carried out to prevent the permeability/selectivity trade-off. The data in Figure 10
demonstrate that the unmodified cross-linked membranes (SA-0/CA and SA-0/PA) also
exhibit the same problem of the balance between permeability and selectivity. However, the
introduction of FeBTC in the SA matrix and cross-linking with CA (SA-15/CA membrane)
improved the permeation flux and membrane selectivity (constant 99.99 wt % water in
the permeate) compared to the SA-0/CA membrane. This may be related to a decrease in
isopropanol permeance of the modified membrane compared to the unmodified SA-0/CA
membrane. In this case, the window sizes for FeBTC (5.5 and 8.6 Å) were smaller than the
isopropanol molecular size (~16 Å [18]), providing a significant retention of isopropanol
molecules and selective diffusion of water (with smaller molecular size ~1 Å [107]) through
the membrane. The modifier FeBTC also ensured the selective sorption of water by iron
ions in the SA-15/CA membrane. The data presented show that the SA-15/CA membrane
has the highest water permeance.

Furthermore, to demonstrate the efficiency, the PSI values are presented in Figure 10e,
which demonstrates that the curve for SA-15/CA membrane lies higher than for other
membranes, which shows the efficiency of the separation of the water–isopropanol mixture
by this membrane. Thus, the developed SA-15/CA membrane has the optimal transport
characteristics in pervaporation dehydration of isopropanol.
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3.3. Comparison of the Performance with SA-Based Membranes Described in the Literature

Transport properties of the cross-linked dense SA-15/CA membrane were compared
with the literature data on the SA-based dense membranes applied for pervaporation
dehydration of isopropanol (Table 5).

Table 5. Transport properties of the cross-linked dense SA-15/CA membrane and literature data on the SA-based dense
membranes applied for pervaporation dehydration of isopropanol.

Membranes T, ◦C Thickness,
µm

Water
Content in
the Feed,

wt.%

Permeation
Flux,

g/(m2h)

Normalized
Permeation

flux Jn,
g/(m2·h·µm)

Separation
Factor (β) Reference

SA-15/CA 22 25 30 267 10.68 23,331 This study

SA/poly(ε-
caprolactone)/6%
graphene oxide

30 82 20 ~506 ~6.17 ~73 [108]

SA + 40 wt % TiO2
(cross-linked) 30 40 25 ~286 ~7.15 ~980 [109]

SA + 5 wt % polyvinyl
alcohol 30 30 30 226 7.53 49.5 [28]

SA + 10 wt % SBA-15 30 50 20 333 6.66 ∞ [110]

SA + 10 wt %
Fe-SBA-15 30 50 20 390 7.8 ∞ [110]

SA + 30 wt % NaY 30 40 25 351 8.775 62.15 [111]

SA + 15 wt % gelatin 30 45 25 ~236 ~5.24 ~650 [112]

SA + 10 wt %
tetraethyl orthosilicate 30 50 25 ~250 ~5 ~170 [113]

SA+polystyrene
sulfonic acid-co-maleic

acid
30 40 30 ~223 ~5.58 ~1800 [114]

SA + 2 wt %
chitosan-wrapped

multiwalled carbon
nanotubes

30 50 25 ~324 ~6.48 590 [16]

SA–heteropolyacids
(10 wt %) 30 40 30 ~263 ~6.58 ~1200 [115]

SA + 15 wt %
magnesium aluminum

silicate
50 50 30 125 2.5 266 [116]

SA + 20 wt %
aluminum-containing

mesoporous silica
30 60–65 30 256 ~4.1 ∞ [117]

SA + 5 wt % sodium
montmorillonite 30 50 20 102 2.04 ∞ [118]

Polyacrylamide-
grafted-sodium

alginate copolymers
(1:1)

30 30 30 325 10.83 36.6 [27]

The data presented in Table 5 demonstrate that the cross-linked SA-15/CA membrane
developed in this work has a high separation factor, superior to the majority of dense mem-
branes described in the literature, and a high level of permeation flux and normalized per-
meation flux (permeation flux divided on membrane thickness). The developed SA-15/CA
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membrane is only slightly inferior to the SA + 10 wt % SBA-15, SA + 10 wt % Fe-SBA-15
and SA + 20 wt % aluminum-containing mesoporous silica membranes [110,117]. However,
these membranes were tested only up to 20% and 30% water content in the feed [110,117].
At the same time, the developed SA-15/CA membrane was stable and demonstrated high
values of permeation flux (174–771 g/(m2h)) and constant selectivity (99.99 wt % water in
the permeate) in the pervaporation dehydration of isopropanol in a wide concentration
range (12–90 wt % water). In order to increase the permeation flux maintaining a high se-
lectivity, in further studies, supported membranes cross-linked with CA will be developed
by reducing the thickness of the selective layer based on the SA-15%FeBTC composite,
deposited on a porous substrate.

4. Conclusions

In the present study, novel dense mixed matrix membranes based on biopolymer
SA modified with FeBTC were developed and tested. The studies were undertaken to
improve the pervaporation dehydration properties of a parent SA membrane. The im-
provement of the transport properties of modified dense SA membranes was related to
FeBTC porous structure, its excellent stability in the water–organic solvent system, and
hydrophobic/hydrophilic properties. The effective modification led to a change in the free
volume, membrane morphology, increase of the swelling degree and surface roughness of
the polymer membranes. It was shown that the optimum FeBTC content in the SA matrix
was 15 wt %, which led to an increase in permeation flux compared to the untreated mem-
branes at high water content in the permeate (99.99 wt %) in pervaporation dehydration
of isopropanol (30 wt % water). A further increase in the content of FeBTC decreased the
permeation flux due to the agglomeration of particles.

Two types of cross-linking of SA polymer chains have been developed, treated with
citric or phosphoric acid. It was shown that the cross-linking of the polymer chains
stabilized the developed membranes in water and dilute solutions (confirmed by the
swelling data). The cross-linking of SA polymer chains decreased the permeation flux in
the pervaporation dehydration of isopropanol (30 wt % water) compared to the untreated
SA-0 membrane, which could be caused by a decrease in free volume (the cross-linking
of polymer chains was proven using FTIR and NMR). It was shown that the introduction
of 15 wt % FeBTC into SA and cross-linking with acids led to significant changes in the
inner and surface structure of membranes, and higher thermal stability compared to the
unmodified cross-linked SA membranes, which was studied by SEM, AFM and TGA.

To conclude, an SA-based membrane modified by 15 wt % FeBTC and cross-linked
with citric acid exhibited optimal transport properties for the pervaporation of a water–
isopropanol mixture (12–100 wt % water): 174–1584 g/(m2h) permeation flux and constant
99.99 wt % water content in permeate.
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