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lyethersulfone/magnesium
silicate membranes via casting and electrospinning
and their application in the removal of free fatty
acids from biodiesel†

Xiao Wang, ‡ Jiaxin Zhu, ‡ Shuwei Xia and Haizeng Wang *

Due to the reversible nature of reactions in biodiesel production, a purification process is necessary for the

biodiesel to meet international standards. As an effective method, dry washing has been applied in biodiesel

purification for years, but it still faces limitations and challenges. In this work, a magnesium silicate (MS) was

synthesized using the hydrothermal method. Two types of compositemembranes were prepared by doping

the prepared magnesium silicate into polyethersulfone (PES) via casting and electrospinning, respectively.

Structural and physical properties of the composite membranes were characterized. The composite

membranes were applied as adsorbents to remove free fatty acids (FFAs) from crude biodiesel.

Adsorption isotherm and kinetic studies were performed at different temperatures (20, 40 and 60 �C).
For both membranes, the obtained adsorption capacity was higher at low temperature (20 �C). Maximum

adsorption capacity was found with the electrospun membrane to be 852 mg g−1, calculated from the

Langmuir model. Adsorption kinetics for both membranes can be well described using the pseudo-

second-order model. In addition, the internal diffusion was not negligible during the adsorption process

based on the intraparticle diffusion analysis. As revealed by thermodynamic study, the adsorption

processes were all exothermic with a spontaneous nature. Reusability of the membrane adsorbents was

evaluated, in which the electrospun membrane showed a promising performance with 94% adsorption

capacity remaining over 8 cycles of adsorption and desorption.
1. Introduction

In recent years, biodiesel as an alternative fuel has gained
signicant attention for its eco-friendly properties compared to
fossil fuel. Biodiesel is a biodegradable and sustainable mixture
of mono-alkyl esters of long chain fatty acids derived from
vegetable oils, animal fats, and even waste frying oils through
alkali-catalyzed processes.1 With comparable physicochemical
properties to diesel fuel, biodiesel can be used directly to run
diesel engines. In comparison to petroleum diesel, biodiesel
has higher inherent lubricity and ash point which facilitate its
ignition properties. Additionally, biodiesel has much lower
harmful emissions due to its lower sulphur content and
aromatic content.2 For practical application of biodiesel, it is
important to reduce free fatty acids (FFAs) to desirable levels
(usually below 1 wt%).3 The remaining FFAs would cause dete-
rioration of biodiesel quality (such as acid values, ash point
and Technology, Ministry of Education,

gineering, Ocean University of China,
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mation (ESI) available. See
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and viscosity) which leads to poor engine performance, or even
damages the engine.4 In industrial production of biodiesel, acid
esterication and enzymatic processes were mostly used to
reduce the FFAs content.5 However, commercial products of
biodiesel still contain 2–3 wt% of FFAs (regardless of feedstock)
due to equilibrium limits of the reaction.6

Conventionally, the produced biodiesel was puried by wet
washing which generates a large amount of wastewater and
soapstock. Alternatively, dry washing methods are usually
applied to avoid such problems.7 The most commonly used
adsorbents include silica, activated carbon, clay, magnesium
silicate powder, diatomaceous earth and ion exchange resins.
Manuale et al. studied the adsorption performance for the
removal of FFAs using several commonly used adsorbents and
found the silica TriSyl 3000 with the highest adsorption capacity
reaching 1 g g−1.8 Using the activated carbon based adsorbents,
Pereira et al. efficiently removed near 100% of FFAs with sorp-
tion capacities higher up to 2.75–7 g g−1,9 while Rengga et al.
found a 27.404 mg g−1 adsorption capacity of FFAs.10 By
applying different resins, Wirawan et al. obtained the highest
sorption capacity of 230 mg g−1 towards FFAs;11 Khedkar et al.
found the maximum adsorption capacity of 454.55 g kg−1;12

Jamal et al. reported the adsorption capacity of 250 mg g−1.13
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Shazah et al. reported a potassium oxide/dolomite adsorbent
to remove FFAs in crude palm oil (CPO) highly up to 63%.14

Cano et al. reported a magnetic separation method by using
iron oxide nanoparticles to remove FFAs in vegetable oils
obtaining the maximum adsorption capacity of 125 mg g−1.15

Adewuyi et al. synthesized an amine imprinted manganese
ferrite to remove FFAs with the sorption capacity of 139.40 L
kg−1.16

Magnesium silicate (MS) as a typical example of silicates has
been studied in wastewater treatment and non-aqueous
adsorptions for years.17–20 With great efforts, research has
been focused on the preparation of magnesium silicates with
unique nanostructure and morphology to be able to effectively
remove inorganic/organic pollutants.21–23 One of the most
commonly used magnesium silicates adsorbent for dry washing
of crude biodiesel is Magnesol®, which is composed of
magnesium silicate and anhydrous sodium sulfate.24,25 Apart
from FFAs, it has been proven that Magnesol® can also effi-
ciently reduce free glycerol, glycerides and soap in biodiesel.4

Rudiyanto et al. reported a systematic study on optimization on
the utilization of hydrate magnesium silicate on the dry
washing purication with independent variables of adsorbent
concentration, temperature and time.26 Although the dry
washing methods were studied for years, such technique has
not yet been widely used in industry applications due to the cost
and recycling of the solid adsorbents.27 Therefore, it is impor-
tant to nd adsorbents with low cost and easy to be recycled for
biodiesel purication.

Membrane technology is considered as a novel approach to
purify crude biodiesel, however there must be a lot of research
to do for the application of membranes in non-aqueous envi-
ronment prior to be employed at industrial level.28,29 Addition-
ally, conventional porous polymeric membranes have their
intrinsic drawbacks for liquid ltration such as fouling problem
and low ux. Lately, electrospinning as an advanced fabrication
process has been massively discussed in membrane technology.
By means of electrospinning, porous nanober membranes
with enhanced mechanical property as well as larger surface
area can be easily fabricated.30,31 Electrospun nanober
membrane presents better geometrical structure of the pores
which leads to improvement of pore size distribution. Thus, it
could overcome the abovementioned limitations with the
conventional polymeric membranes. Polyethersulfone (PES) is
a class of high-temperature engineering thermoplastics with
good chemical and thermal stability that has been highly
studied in membrane science. However, with its inherent
hydrophobic characteristics, PES was found to be susceptible to
fouling during ltration processes especially in aqueous and
protein contacting environments.32,33 Using the electrospinning
method, Wu et al. fabricated nanoporous PES ber mats with
175.98 mg g−1 adsorption capacity for bilirubin, which showed
good prospects for the electrospun PES ber membrane to be
employed in adsorption applications.34 As an efficient way of
membrane surface modication, blending/additives technique
showed a promising effect to improve the hydrophilicity,
surface roughness, surface charge, and the pore size of the
membrane.35 The blending or incorporating additives methods
© 2022 The Author(s). Published by the Royal Society of Chemistry
have been developed with remarkable progress in the
manufacturing of PES membrane for applications of hemodi-
alysis, water and wastewater treatment.36 To our knowledge, the
composite of PES and any magnesium silicate has been rarely
reported.37 In the past few years, we have been studied on the
PES/magnesium silicates composite membranes for dye
removal in aqueous solutions.38,39 By means of casting,
composite membranes were prepared with quite large surface
area and adequate uniformity. Such membranes were success-
fully employed as adsorbents to remove methylene blue in
aqueous solution without bring secondary contamination.

In this paper, we prepared two PES/MS composite
membranes via solvent casting and electrospinning to remove
the FFAs in crude biodiesel. Adsorbent characteristics were
investigated by their morphology, crystallinity, chemical
composition, thermal behavior and mechanical property.
Different contents of MS were blended into the PES membranes
to obtain the composite membranes with the optimal perfor-
mance. Adsorption processes of FFAs onto the casted and
electrospun membranes were evaluated at different tempera-
tures. Adsorption isotherms, kinetics, and thermodynamics
were analyzed using several well-established models and
theories.
2. Materials and methods
2.1. Synthesis of the MS

Information of the chemicals used in this work and their
disposal is described in ESI (Text S1†). 0.5 mol L−1 aqueous
solutions of magnesium chloride and sodium silicate (SiO2-
: Na2O molar ratio of 3.28) were prepared respectively using the
deionized water (DI water). Two precursors were mixed thor-
oughly and stirred at 500 rpm for 4 h until homogeneous white
emulsion was formed. Subsequently, the mixture was trans-
ferred to the Teon lined stainless steel autoclaves and heated
at 110 �C for 12 h. The precipitates were ltered and rinsed with
distilled water several times until there was no Cl− le. The
slurry was dried at 60 �C for 24 h then calcined at 480 �C for 5 h.
2.2. Preparation of the PES/MS composite membranes

Fibrous PES/MS membranes were prepared by electrospinning.
Briey, polyethersulfone (PES) was dissolved in the mixed
solvent with 1 : 3 ratio of tetrahydrofuran (THF)/N,N-dime-
thylformamide (DMF). Different amounts of the MS (0, 1, 2,
3 wt%) were added into the PES and kept magnetic stirring at
80 �C for 24 h. The mixture solution was then transferred into
a 20 mL syringe. For electrospinning, the ow rate was set as
0.4 mL h−1; the applied voltage was 12 kV; the distance between
the tip and target was 5 cm. All the electrospinning processes
were conducted under ambient conditions at 23 � 3 �C with the
relative humidity of 40 � 5%. Finally, the membranes were
dried in vacuum at 45 �C for 24 h to remove any residual solvent.
Thickness of the electrospun membrane was �160 mm.

As comparison, conventional PES/MS membranes were also
fabricated by solvent casting. In brief, certain amount of PES
was well dissolved in N,N-dimethylacetamide (DMAc). Then, the
RSC Adv., 2022, 12, 27698–27708 | 27699
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prepared MS was dispersed in the PES (DMAc) solution with
fully stirring overnight at 80 �C. Before casting, the mixture was
set to cool down to room temperature without any bubble. The
thin lm of the dope solution was deposited on a clean glass
plate using a casting knife. The glass plate with the casted lm
was then immediately immersed in DI water for phase inver-
sion. The casted membranes with thickness of �200 mm were
prepared for FFAs adsorption aer drying at room temperature
for 24 h.

The formulations of all casting solutions for either the casted
or electrospun membranes are described in Table S1.†

2.3. Characterization of the MS and composite membranes

The composition of the as-prepared MS was determined by
titration and weighting. Briey, the obtained product was rst
mixed with certain amount of solid NH4Cl. Then the powdery
mixture was fully dissolved by adding the concentrated HCl and
few drops of HNO3 at 80 �C in a water bath. The solid residua
was separated from the liquid mixture through vacuum ltra-
tion. Hot DI water was used to rinse the residua to remove any
chloride ion. The collected solid residua was calcinated at
600 �C for 4 h then at 850 �C for 0.5 h and repeated the calci-
nation process until a constant weight was achieved. The mass
of SiO2 in the MS was obtained by weighting the calcinated
solid. To determine the content of Mg in the MS, all the liquid
mixture from the abovesaid ltration process was collected then
titrated with the ethylene-diamine-tetra-acetate (EDTA).40

Surface morphology and elemental spectral of the MS and
composite membranes were analyzed by scanning electron
microscopy (SEM) and energy dispersive spectrum (EDS),
respectively (S-4800, Hitachi, Japan). Samples were dried over-
night and coated with gold before scanning. Crystalline struc-
ture of the membranes was determined by X-ray diffraction
(XRD, Bruker D8 Advance Discover diffractometer) with Cu Ka
radiation (l ¼ 1.5418 Å). For determination of the specic
surface area, nitrogen adsorption–desorption isotherms at 77 K
were obtained by gas adsorption analyzer (NOVA 2200e, Quan-
tachrome, USA) and Brunauere–Emmette–Teller (BET) model
was applied. Functional groups on MS were analyzed by Fourier
transform infrared spectroscopy (FT-IR) (Bruker Tensor 27,
Germany). Thermogravimetric analysis-differential thermal
analysis (TG-DTA) was carried out using a thermal analyzer
(HTC-3, HENVEN, China) under air ow from 23 to 800 �C with
a heating rate of 10 �C per minute. Tensile tests of the
membranes were performed at room temperature using
a computer-controlled universal testing machine (GT-TCS-2000,
China).

2.4. Removal of FFAs

Physical–chemical properties of the crude biodiesel are listed in
Table S2.† The concentration of FFAs in biodiesel was deter-
mined using titration method according to ISO 660:2020.41

Since oleic acid (OA) is the most abundant FFA, the acidity of
biodiesel is expressed in micrograms of OA per grams of bio-
diesel, assuming that all FFAs are OA. The adsorption experi-
ments were performed by adding 0.36 g PES/MS membrane to
27700 | RSC Adv., 2022, 12, 27698–27708
25 mL of biodiesel. The suspension was oscillated for several
hours at given temperature. Then, 3 g of the puried biodiesel
sample was resolved in 50 mL of 1 : 1 (v/v) ethanol : ether
solution. The supernatant of the suspension were titrated with
0.1 N potassium hydroxide (KOH) solution in 95% ethanol
against phenolphthalein until the pale pink color appeared. In
addition to the crude biodiesel, various amounts of OA were
added in soybean oil to prepare ester mixtures with different
acid values to investigate maximum adsorption capacity of the
composite membranes. Concentration of the FFAs in biodiesel
was calculated by eqn (1) expressed as mg g−1 of OA. All the
measurements were performed in triplicate.

C ¼ 282� V �N

W
(1)

where C represents the concentration of FFAs. V (mL) is the
consumption volume of KOH solution, N is the exact normality
of KOH solution (mol L−1), W is the exact weight in grams of
biodiesel, and 282 is the molecular weight of OA (g mol−1). The
equilibrium adsorption capacity (qe, mg g−1) of the MS and
composite membranes was calculated by equation shown
below:

qe ¼ ðC0 � CeÞW
m

(2)

where C0 and Ce (mg g−1) denote the initial and equilibrium
concentrations of FFAs, respectively. W is the exact weight in
grams of biodiesel, andm is the mass of the dry absorbent used
in grams. The FFAs removal efficiency (R) was calculated by
using eqn (3):

Rð%Þ ¼ C0 � Ce

C0

� 100% (3)

To evaluate desorption and reusability of the composite
membranes, the used membranes were washed by sonication
with ethanol for 24 h. Aer rinsing with ethanol for several
times until neutral pH, the membranes were dried at 60 �C for
a repeat round of FFAs adsorption in biodiesel. The reusability
of the composite membranes were evaluated aer 8 cycles of
adsorption using 3 membranes for each cycle.
3. Results and discussion
3.1. Characteristics of the PES/MS composite membranes

Tensile strength and adsorption capacities of the PES/MS
composite membranes with different MS contents were tested
as shown in Fig. 1. It appears that with the addition of MS,
tensile strength of the PES membrane decreased for both the
casted and electrospun membranes, while the overall adsorp-
tion capacities improved. For the casted membrane, its
mechanical property saw a fast deterioration with MS addition
over 1.0 wt%. Adsorption capacity of the casted membrane
showed a slight increase by adding MS to 2.0 wt%, but intensely
declined with MS addition to 3.0 wt%. The electrospun
membrane showed relatively milder changes in its tensile
strength and FFAs removal property with the addition of MS.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Tensile strength (lines) and adsorption capacities (columns) of
the composite membranes with different MS contents.
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Based on their mechanical and adsorption performance,
1.0 wt% was selected as the optical dosage of MS in both the
casted and electrospun membranes for their following
evaluations.

The SiO2/Mg molar ratio of the as-prepared MS was deter-
mined as 2.09 : 1. As shown in Fig. 2, the XRD pattern of the MS
indicated its crystal composition of Mg2SiO4 (JCPDS no. 87-
2042) and quartz (JCPDS no. 86-1630). The pure PES membrane
was in an amorphous state. By doping the MS, both the PES/MS
composite membranes showed clear characteristic peaks of
quartz at 2q ¼ 26.6�. The electrospun membrane showed more
clear characteristic peaks of Mg2SiO4 at 2q ¼ 38.0�, 50� and 68�.
The FTIR spectra of the adsorbents are shown in Fig. S1.† The
addition of the MS caused an increase of transmittance on the
Fig. 2 XRD spectra of MS, pure PES membrane, casted and electrospun

© 2022 The Author(s). Published by the Royal Society of Chemistry
composite membranes, but no inuence on the characteristic
bands, whichmight be due to the low content of the additive MS
in the composite membranes. With same amount of MS doping
on PES, the electrospun membrane showed higher trans-
mittance compared with which of the casted membrane. Unlike
the conventional blending using casting method in which
inorganic dopant content was generally higher than 15 wt%, the
MS dosage in this study for either membrane was only 1.0 wt%,
thus the PES/MS composite membrane shows not much
difference compared with the PES membrane in the FTIR
spectrum. But in the XRD plots, additional peaks indicating
characteristics of MS can be seen for the composite
membranes, which conrmed the successful blending of the
MS in composite membranes.

Morphology of the MS powder and composite membranes
with different MS contents was investigated by SEM. The as-
prepared MS powder shows an irregular ake shape (Fig. 3a).
The casted PES membrane without MS doping shows a rela-
tively smooth surface (Fig. 3b1). With the MS addition, surface
of the composite membrane shows noticeable aws with pores
and aggregations. By adding more MS, the number and size of
the pores on the membrane increase, while the uniformity of
the surface decreases, which probably leads to the tensile
strength drop of the composite casted membranes as shown in
Fig. 1. The electrospun membranes, on the other hand, are
more uniform which consist of interweaved bers (Fig. 3c1–4),
which endows them with the enhanced tensile strength as
compared to the castedmembranes.30 The pure electrospun PES
membrane shows the thickest bers with a smooth surface
compared with the composite brous membranes (Fig. 3c1).
With 1 wt% of MS doping, the electrospun membrane shows
small pores on the bers that are evenly distributed (Fig. 3c2).
PES/MS membranes.

RSC Adv., 2022, 12, 27698–27708 | 27701
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Fig. 3 SEM images of the (a) MS powder, the casted PES/MSmembranes with MS contents of (b1) 0, (b2) 1, (b3) 2, (b4) 3 wt%, and the electrospun
PES/MS membranes with MS contents of (c1) 0, (c2) 1, (c3) 2, (c4) 3 wt%. (d) EDS elemental mapping of the electrospun PES/MS membrane (with
MS content of 1 wt%).

Fig. 4 Nitrogen adsorption–desorption isotherms of pure PES
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With further addition of MS, pores on the bers become less
and the surface of the bers become rougher (Fig. 3c3 and c4).
The ber diameter of the composite membranes is smaller
comparing to that of the pure electrospun PES membrane.
Furthermore, distribution of the ber diameter is uneven for
the composite membranes. These might be the reasons for the
decrease of tensile strength and increase of adsorption capacity
by adding more MS into the electrospun PES membranes as
discussed before. As shown in the elemental mapping (Fig. 3d),
Mg and Si elements were uniformly distributed on the electro-
spun PES/MS membrane bers, indicating that the chemical
composition of the PES/MS electrospun membrane was
homogeneous.

Fig. 4 shows the nitrogen adsorption–desorption isotherms
of the PES membrane, MS powder, casted and electrospun PES/
MS membranes. The isotherms can all be classied as type IV
with hysteresis loop of type A for mesoporous materials.42,43 The
Brunauer–Emmett–Teller (BET) surface area, average pore size
and average pore volume of the adsorbents are listed in Table
S3.† The MS had the average BET surface area of 590.3 m2 g−1

with pore volume of 0.5839 cm3 g−1. The PES membrane had
much lower surface area and pore volume compared with the
MS, which were only 43.29 m2 g−1 and 0.3583 cm3 g−1, respec-
tively. By blending MS into the PES, both surface area and pore
volume of the casted membrane showed an increase in
27702 | RSC Adv., 2022, 12, 27698–27708
comparison of the pure PES membrane, which is in accordance
with the morphology changes as discussed before. On the other
hand, surface area of the PES/MS casted membrane was not as
high as that of the powdery MS, while PES/MS electrospun
membrane showed higher surface area and pore volume
membrane, powdery MS, casted and electrospun PES/MSmembranes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Adsorption isotherms and their best fitting plots based on the
Langmuir and Freundlich models at different temperatures on the (a)
casted and (b) electrospun PES/MS membranes.
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compared to that of the MS. TG-DTA curves of the PES/MS
electrospun membrane are shown in Fig. S2.† The weight loss
of around 10% is observed at about 115 �C with an endothermic
peak, which is attributed to the loss of the water adsorbed by MS
particles. Between 450 and 750 �C, the weight loss of 28%
corresponds to the decomposition of PES.
Table 1 Langmuir and Freundlich isotherm parameters of FFAs adsorpti

T (�C)

Langmuir

Qm (mg g−1) KL (g mg−1)

Casted membrane 20 491 1.77
40 489 0.339
60 315 0.374

Electrospun membrane 20 852 2.72
40 812 0.981
60 450 1.33

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.2. Adsorption properties of FFAs on the PES/MS composite
membranes

The crude biodiesel used in this study had a high acid value of
2.39 mg KOH g−1. Stability of the biodiesel was tested by
monitoring acid values over time during 350 days of storage
(Fig. S3†). The biodiesel was sealed and stored in dark at room
temperature with a relative humidity of 35 � 3%. It is noticed
that the acid value of the biodiesel had merely changed in the
rst 60 days of storage. All the experiments had been done
within a month, in which the acid value of the biodiesel can be
considered as a constant. The adsorption performance on the
powdery MS (0.6 g) and PES/MS composite membranes (0.36 g)
were rst compared by their equilibrium uptakes and removal
efficiencies of the FFAs at 20 �C. As shown in Fig. S4,† the
equilibrium adsorption capacities of the PES/MS composite
membranes were higher than the powdery MS. But removal
efficiency of the FFAs on the casted membrane was lower than
that of the MS powder, which might be owing to its lower
surface area and homogeneity. The electrospun membrane
exhibited the highest adsorption capacity of 670 mg g−1, as well
as the most efficient removal rate over 90%.

To investigate maximum adsorption capacity of the adsor-
bents, adsorption isotherms were studied. The equilibrium data
for the composite membranes at 20, 40 and 60 �C were pre-
sented in Fig. 5. Two classic isotherm models, Langmuir and
Freundlich, were used to analyze the equilibrium data, equa-
tions of which are represented as follows:

Langmuir isotherm model

qe ¼ qmKLCe

1þ KLCe

(4)

Freundlich isotherm model

qe ¼ KFCe
1/n (5)

where qe (mg g−1) is the equilibrium adsorption capacity, Ce (mg
g−1) is the equilibrium concentration of the OA, qm (mg g−1) and
KL (g mg−1) are the Langmuir constants related to themaximum
adsorption capacity and affinity between the sorbate and the
adsorbent, respectively; KF and 1/n are empirical constants
representing Freundlich constant and heterogeneity factor,
respectively. The isotherm curves of the casted and electrospun
membranes are “L-type” isotherms according to Gile's classi-
cation.44 L-1 isotherms were observed for the casted membrane
on on the PES/MS composite membranes at different temperatures

Freundlich

R2 c2 KF (g
1/n−1 mg1−1/n) 1/n R2 c2

0.9973 2.12 222 0.351 0.8465 122
0.9984 0.48 119 0.475 0.9063 27.3
0.9984 0.72 82.4 0.438 0.9072 40.9
0.9983 0.72 444 0.300 0.8055 79.9
0.9920 3.09 321 0.383 0.8173 70.0
0.9982 0.31 225 0.259 0.8228 30.8

RSC Adv., 2022, 12, 27698–27708 | 27703
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Fig. 6 Adsorption kinetic curves and their best fitting plots based on
the pseudo-first-order and pseudo-second-order models at different
temperatures on the (a) casted and (b) electrospun PES/MS
membranes.
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representing the incompletion of the rst adsorbate monolayer;
on the other hand, the electrospun membrane exhibited L-2
isotherms in which the rst monolayer was completed. Either
the casted or electrospun membrane showed a decline of
adsorption capacity towards FFAs as temperature increased,
which was aligned with the results reported by Manuale et al.8

Based on their correlation coefficients and c2 (Table 1), the
adsorption isotherms of the PES/MS composite membranes
should be better described by the Langmuir model (Fig. 5, solid
lines), which suggests that the composite membranes are
homogeneous and no lateral interaction happens between the
adjacent adsorbed molecules. The maximum adsorption
Table 2 Pseudo-first-order and pseudo-second-order kinetic paramete
electrospun PES/MS membranes at different temperatures

T (�C)
qe_exp
(mg g−1)

Pseudo-rst-order

K1

(min−1)
qe_1
(mg g−1) R2

Casted membrane 20 437 0.076 402 0.9788
40 341 0.057 319 0.9796
60 233 0.053 212 0.9735

Electrospun
membrane

20 670 0.192 640 0.9613
40 569 0.205 550 0.9773
60 384 0.090 368 0.9834

27704 | RSC Adv., 2022, 12, 27698–27708
capacities for the composite membranes thereby were calcu-
lated (Table 1). The highest theoretical adsorption capacities of
the composite membranes were both obtained at 20 �C as 491
and 852 mg g−1, for the casted and electrospun membranes,
respectively. In comparison to the study reported by Clowuti-
mon et al., in which the maximum adsorption capacity of
porous magnesium silicates was 185 mg g−1, better adsorption
capacities were achieved in this work using the PES/MS
composite membranes.45

Adsorption rate and rate control step were investigated by
adsorption kinetics. Fig. 6 shows the kinetic data for the FFAs at
different temperatures as well as their tting plots by applying
the pseudo-rst-order and pseudo-second-order models, equa-
tions of which are presented in eqn (6)–(9). Both the composite
membranes showed fast adsorption of FFAs at the rst 30 min.
However, it took much longer time for the casted membrane to
reach the equilibrium compared with the electrospun
membrane.

Pseudo-rst order kinetics model

dqt

t
¼ K1ðqe � qtÞ (6)

by integration, eqn (6) gives:

qt ¼ q(1 − e−K1t) (7)

Pseudo-second order kinetics model

dqt

dt
¼ K2ðqe � qtÞ2 (8)

by integration, eqn (8) gives:

qt ¼ qe
2K2t

1þ K2qet
(9)

where qe (mg g−1) and qt (mg g−1) are the amounts of FFAs
adsorbed at equilibrium and at time t (min), respectively; K1

(min−1) and K2 (g mg−1 min−1) are the pseudo-rst and second-
order rate constants. Table 2 presents kinetic parameters of the
pseudo-rst-order and pseudo-second-order models along with
the experimental equilibrium uptakes at different tempera-
tures. In comparison, the pseudo-second-order model serves
rs and experimental equilibrium adsorption capacities of the casted and

Pseudo-second-order

c2
K2

(g mg−1 min−1)
qe_2
(mg g−1) R2 c2

v0
(mg g−1 min−1)

18.1 2.06 � 10−4 437 0.9939 5.21 39.4
10.9 1.94 � 10−4 349 0.9957 2.31 23.6
10.7 2.55 � 10−4 234 0.9943 2.33 14.0
65.7 3.85 � 10−4 670 0.9938 10.6 173
14.6 4.90 � 10−4 573 0.9989 0.71 161
16.1 2.75 � 10−4 393 0.9929 6.90 42.5

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Intraparticle diffusion model plots of FFAs adsorption on the (a)
casted and (b) electrospun PES/MS membranes.
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better based on the larger R2 values and smaller c2. Addition-
ally, the corresponding Qe calculated from the second-order
model gave the numbers that are closer to the experimental
results. It can be interpreted that the adsorption rate was
determined by adsorption capacity of the sorbent not by
Fig. 8 van't Hoff plots for determination of DH0 and DS0 for FFAs
adsorption onto the casted and electrospun PES/MS membranes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
concentrations of the FFAs.46 Accordingly, initial adsorption
rates v0 at different temperatures were calculated based on the
pseudo-second-order model by v0 ¼ K2Qe

2, and the calculated
numbers are presented in the last column of Table 2.47 The
electrospun membrane possessed much higher v0 than the
casted membranes, with the highest v0 of 173 mg (g−1 min−1) at
20 �C, and even the lowest v0 obtained at 60 �C still higher than
the highest v0 of the casted membrane by 8%.

In order to evaluate the effect of diffusion on the adsorption
process, the experimental kinetic data were further analyzed by
the intraparticle diffusion model. The intraparticle diffusion
model was rst proposed by Weber and Morris in 1963.48 If the
adsorption process is dominated by intraparticle diffusion only,
a linear curve passing through the origin would be observed by
plotting the adsorption capacity (qt) with the square root of
time. The diffusion model is expressed as follows:

qt ¼ Kdt
1\2 + C (10)

where qt is the FFAs uptake at a particular time (mg g−1), t is
time (min), Ki (mg g−1 min−1\2) is the intra-particle diffusion
constant and C (mg g−1) is a constant which is related to the
thickness of the boundary layer. As shown in Fig. 7, the initial
kinetic data were tted into the Weber–Morris intraparticle
diffusion model. The good linearity for the initial phase of
sorption indicates that internal diffusion is not negligible. As all
the tting curves do not pass through the origin, the adsorption
rates for both membranes thereby were controlled by internal
diffusion together with surface reaction. The parameters of the
diffusion model are listed in Table S4.† The C values obtained
from either the casted or electrospun membrane are all nega-
tive, which indicates an external mass transfer resistance in the
boundary layer or some other process.49

Thermodynamic study was carried out for predicting
adsorption mechanisms through parameters of the Gibbs
energy change (DG0), the enthalpy change (DH0), and the
entropy change (DS0). Calculation of the thermodynamic
parameters following the reported method from Maddikeri
et al.50 Thermodynamic parameters were calculated from the
variation in K0 (thermodynamic equilibrium constant, or the
thermodynamic distribution coefficient) with the change in
temperature. K0 was obtained by plotting ln(qe/Ce) versus Ce and
extrapolating the data with Ce ¼ 0.50,51 According to the laws of
thermodynamics, DG0 was calculated from the K0 values using
the following equation:

DG0 ¼ −RT ln K0 (11)

where R is the universal gas constant (8.3144 � 10−3 kJ mol−1

K−1), and T is the absolute temperature in Kelvin. The rela-
tionship between the thermodynamic parameters is described
as follows:

DG0 ¼ DH0 − TDS0 (12)

by substituting eqn (11) into eqn (12), the van't Hoff equation
is given as:
RSC Adv., 2022, 12, 27698–27708 | 27705
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Table 3 Thermodynamic parameters for adsorption of FFAs on the PES/MS composite membranes

T (K) K0 DG0 (kJ mol−1) DH0 (kJ mol−1) DS0 (kJ mol−1)

Casted membrane 293 5.908 −4.327 −7.475 −0.01082
313 4.717 −4.037
333 4.092 −3.901

Electrospun membrane 293 6.822 −4.678 −4.980 −0.00103
313 5.994 −4.660
333 5.337 −4.637
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ln K0 ¼ �DH0

RT
þ DS0

R
(13)

by plotting ln K0 versus 1/T, DH0 was obtained as the slope,
and DS0 was determined as the intercept. K0 was determined by
plotting ln(qe/Ce) versus Ce as shown in Fig. S5.† The plots of
ln K0 versus 1/T are presented in Fig. 8. The calculated values of
K0, DG

0, DH0 and DS0 are shown in Table 3. The K0 values for
both membranes are positive, which indicates that the amount
of FFAs present per amount of the membrane is higher than the
amount per unit weight of the stock solution. As temperature
increases the K0 values decrease, which demonstrates that the
thermodynamic equilibrium constant is higher at low temper-
ature. Such results are in agreement with other works reported
by Demirbas and Maddikeri et al. using bentonite and ion-
exchange resins as adsorbents, respectively.52,53

DG0 values for either sorbent were negative, which indicates
the spontaneous nature of the adsorption process. Values of the
DG0 increase as the temperature rises, that suggests a more
favorable adsorption at low temperature. The obtained DH0

values are negative; therefore, the process is exothermic, which
is consistent with the adsorption results as presented above. For
the entropy change, negative values were obtained, which
indicates a less random orientation of FFAs in the adsorbed
Fig. 9 Adsorption–desorption cycles of FFAs on the casted and
electrospun PES/MS membranes.

27706 | RSC Adv., 2022, 12, 27698–27708
state. Similar results were reported by Maddikeri et al. with
stearic and oleic acids as adsorbates.50 During the sorption,
randomness at the solid-solution interface was reduced.
However, positive K0 values indicate a preference of the adsor-
bate in the PES/MS membranes as compared to the stock
solution. Such combination reveals the affinity of the FFAs on
the PES/MS composite membranes over the biodiesel.

The reusability of the casted and electrospun membranes
was investigated over 8 cycles of adsorption and desorption. To
remove the adsorbed FFAs and residual oil, ethanol was used to
wash the composite membranes.54 Upon sonication treatment
with ethanol, quantitative desorption was achieved. As shown in
Fig. 9, both composite membranes exhibited adequate reus-
ability for subsequent adsorptions in the rst 3 cycles. The
casted membrane showed a signicant deterioration aer 3
rounds of tests. As shown in the SEM images (Fig. 3), the casted
membrane contains irregular pores with different pore sizes,
and its surface structure showed less uniformity comparing to
the electrospun membrane, which probably leads to an internal
fouling problem upon several times of biodiesel soaking.
Therefore, the reusability of the casted membrane is undesir-
able aer 3 rounds of adsorption–desorption. On the other
hand, the electrospun membrane kept its adsorption capacity
over 94% even aer 8 cycles of adsorption–desorption, which
demonstrates that the PES/MS electrospun membrane can be
used repeatedly for at least 8 adsorption–desorption cycles with
promising adsorption capacities as compared to the casted one.
4. Conclusions

The present work has prepared two PES/MS composite
membranes by solvent casting and electrospinning and
comparatively evaluated their adsorption performance for
removing free fatty acids from crude biodiesel. Physical and
chemical properties of the composited membranes were
examined with several characterization techniques. Compared
to the casted membrane, the electrospun membrane exhibited
much higher performance in terms of tensile strength and FFAs
removal owing to its uniform structure with high porosity. At all
the investigated temperatures, the electrospun membranes
showed higher adsorption capacities as compared to the casted
ones. Adsorption isotherms were analyzed using the Langmuir
and Freundlich models, between which the Langmuir model
gave a better description for both composite membranes.
Maximum adsorption capacity of the electrospun membrane
© 2022 The Author(s). Published by the Royal Society of Chemistry
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reached 852 mg g−1, theoretically. Kinetics of the adsorption
processes were investigated by pseudo-rst-order, pseudo-
second-order kinetic models along with the Weber–Morris
intraparticle diffusion model. The electrospun membrane
showed shorter contact time reaching the equilibrium
compared with the casted membrane. Kinetic data of both
membranes were found to t better to the pseudo-second-order
model. In addition, intraparticle diffusion played an essential
role in the adsorption process together with surface reaction.
For both the composite membranes, higher adsorption capac-
ities were observed at lower temperatures. All the adsorption
processes were of spontaneous nature and exothermic based on
the thermodynamic studies. Reusability of the composites
membranes was compared, in which the electrospun
membrane exhibited a promising performance over 8 cycles of
adsorption and desorption with an adsorption capacity decline
less than 6%. Based on the abovementioned ndings, the
electrospun PES/MS membrane is suggested as a promising
candidate for applications in the biodiesel purication.
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