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ab s t r ac t
This paper presents a study of novel hybrid membranes consisting of sodium alginate as a  polymer 
matrix and magnetite and two cross-linking agents, that is, orthophosphoric acid and Ca+2 ions. 
 Ethanol/water separation parameters were determined using the vapour permeation process. 
The  permeate parameters were estimated on the basis of weight loss of the measuring cell over time 
using an  analytical balance. The results have shown the influence of magnetite particles  content in 
the  alginate matrix and the effect of cross-linking agents on ethanol/water separation properties. 
 Comparing  permeation coefficients of both types of discussed membranes more advantageous 
 separation properties for the membranes cross-linked with orthophosphoric acid were observed. The 
best ideal selectivity (55.54) was recorded for membranes with iron oxide content between 5 and 10 
w/w%. For Ca+2 ions cross-linked membranes, the highest ideal selectivity coefficient can be obtained 
at 15–20 w/w% magnetite content (32.18).
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1. Introduction

Over the last 20 years, the growing interest in industrial 
application of liquid mixtures separation using a vapour 
permeation process has been observed. For instance, 
LURGI GmbH and UBE metal and chemical industries 
applied the vapour permeation process in separation of 
the water/ethanol mixture [1]. The vapour permeation 
process is also gaining popularity as a method of recover-
ing organic compounds vapours from the air. An example 
would be separation of dimethylpropylamine from pol-
luted air, the product of which can be used as a catalyst 
for curing of synthetic resins [2]. In the field of vapour 
 permeation, the scientific effort is primarily focused on 
studying separation properties of polymeric materials. 
Equal importance is given to optimisation of the separa-
tion process including improvements in membrane mod-
ule construction methods [2–6]. 

The development of new, selective membrane materials 
still generates a great interest. In the last years, application of 
 biopolymers has increased significantly due to their excel-
lent biocompatibility, biodegradability, high hydrophilicity, 
inexpensiveness and non-toxicity. The most commonly used 
biopolymers are chitosan and alginate [7–21]. Alginate is a typ-
ical hydrophilic polysaccharide, component of the cell walls of 
algae. It consists of a linear copolymer composed of two mon-
omer units, 1,4-linked β-D-mannuronic acid and α-L-guluronic 
acid, in varying proportions. Sodium alginate (NaAlg) has 
exhibited many intrinsic properties, such as high hydrophilicity 
and good film-formation characteristics. Thus, it is considered 
as a prospective membrane material applicable for membrane 
separation technology, adsorption of dyes and metal ions [7–10]. 

One useful strategy of improving separation efficiency 
of polymeric membranes is formation of hybrid materials 
through the incorporation of various inorganic materials, 
 typically oxides or metal nanoparticles, into the polymer 
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matrix. These hybrid membranes benefit from the selectivity 
of active components and the simplicity of polymeric mem-
brane processing. The effectiveness of this type of membranes 
depends mainly on the interaction between components and 
penetrants, their compatibility and homogeneous dispersion 
of inorganic component into the polymer matrix [11–17]. In 
our previous research [18–21], chitosan membranes with var-
ied dose of iron oxide nanoparticles in the process of ethanol 
dehydration were tested. The results have shown that the 
addition of magnetite particles to the chitosan matrix created 
additional free volumes in polymers and, in consequence, 
offered space for water molecules to permeate easily through 
the membranes. 

In this paper, the differences in transport properties 
of alginate membranes filled with various amounts of 
iron oxide nanoparticles (Fe3O4) are discussed. The tests 
were conducted with alginate membranes cross-linked 
with orthophosphoric acid and Ca+2 ions. Based on the 
experimental vapour permeation of water and ethanol 
measured using the permeation vessel method, the trans-
port characteristics and ideal separation coefficients were 
evaluated.

2. Materials and methods

2.1. Preparation of cross-linked alginate magnetic membrane 

A 1.5% alginate solution was prepared by dissolving 
sodium alginate powder in water. The solution was mixed 
with an appropriate portion of magnetite nanoparticles 
(0%, 5%, 10%, 15%, 20%, 25%) prepared beforehand using a 
precipitation method described in [13]. The ultrasonic bath 
was used to disperse magnetite nanoparticles and de-aerate 
the solution. The homogeneous solution was then cast on a 
glass plate and dried at 40°C for 24 h. Next, the membrane 
was cross-linked by immersing alginate membranes at 
room temperature in the appropriate cross-linker solution, 
that is, 3.5 v/v% orthophosphoric acid solution or 2.5 w/w% 
calcium chloride solution. The obtained membrane was 
removed from the glass plate, washed with ethanol and 
dried.

2.2. Experimental setup 

In order to study the vapour permeation process 
of water and ethanol through alginate membranes, the 
 permeation vessel method was applied. A measuring vessel 
was a top-opened, aluminium, cylindrical pot illustrated in 
Fig. 1. The liquid was poured only to fill two-thirds of the 
vessel, and a membrane firmly covering the top of container 
was fixed by an aluminium ring. To prevent absorption of 
vapours from the environment onto the studied membranes, 
the measuring vessel was kept in a desiccator (Fig. 2). In 
addition, the desiccator was flushed with dried air (desiccant 
CaSO4, flow rate 50 cm3 min–1). The weight loss of the vessel, 
separately for water and ethanol (99.8 v/v%), was measured 
at fixed time intervals at room temperature (r.t.) The thick-
ness of all membranes was measured using a waterproof 
precise coating thickness gauge (MG-401 ELMETRON) and 
was estimated as a mean value of at least 10 measurements 
taken in different locations. 

2.3. Evaluation of the permeation process parameters

The basic law of a phenomenological, parabolic diffusion 
through a slab membrane of unit cross-section is defined by 
Fick’s law [22]:

J D c
x

= −
∂
∂  (1)

where J is the diffusion flux; c is concentration of the diffus-
ing species; D is a diffusion coefficient; and x is membrane 
cross-section. Crank and Park [23] reviewed the most useful 
experimental techniques for measuring the diffusion coeffi-
cient. The most fundamental formula to quantify the average 
diffusion coefficient D  valid in stationary permeation condi-
tions is as follows:

D
J l
c
scm s2 1

0

⋅( ) =
⋅−
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where Js is a diffusive mass flux in a stationary state; l is 
 membrane thickness; and Δc0 can be obtained from an 
 intercept of the asymptote to the stationary permeation curve 
with the Qa (l,t) axis (total flow of penetrant) (Fig. 3).

Fig. 1. Schematic diagram of the measuring vessel. 
Note: 1 – cylindrical measuring cell, 2 – membrane, and 3 – fixing 
aluminium ring.

Fig. 2. Permeation apparatus. 
Note: 1 – pump, 2 – desiccant cartridge (CaSO4), 3 – air inlet, 4 – 
 desiccator, 5 – measuring vessels, and 6 – air outlet.
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By comparing D  with the value of diffusion coefficient 
DL calculated from the downstream absorption time lag 
[24,25] according to the following equation:

D l
L lL acm /s2( ) =

( )
2

6  (3)

we can get some insight into the nature of the transport 
 process in question. Namely if D D= ,L    the diffusion is 
 estimated to be an “ideal Fickian” unless there are some 
 hidden processes, like a drift, which are beyond the reach of 
this simple protocol [26].

The permeability coefficient can give insight into how 
fast the penetrant can pass through the membrane and be 
determined as follows:

P
J l
p
S=

⋅
∆  (4)

where P is the permeability coefficient; l is membrane thick-
ness; Δp is the difference of gas pressure at both sides of the 
membrane; and Js is the diffusive mass flux in a stationary state.

Diffusive mass flux is defined as follows:

J
Q
AS
STP=  (5)

where QSTP is the flow rate at standard condition, and A is the 
active area of membrane. 

The solubility coefficient is the equilibrium parameter, 
and it measures the extent to which the penetrant is sorbed. 
This parameter is calculated from the following relation:

S P
D

=  (6)

where S is the solubility coefficient; P and D are as defined 
above.

Ideal selectivity coefficient αi/j is defined as a ratio of per-
meation of gases and for constant membrane thickness l can 
be calculated as a ratio of given permeability coefficients [27]: 

α  /i j
i

j

P
P

=  (7)

3. Results and discussion

3.1. Ethanol/water separation through orthophosphoric acid 
 cross-linked magnetite alginate membranes

Table 1 presents the results from the tests conducted 
during ethanol and water separation through orthophos-
phoric acid cross-linked magnetite alginate membranes. 

The results have shown that the diffusion coefficient (DL) was 
similar for both water and ethanol permeating through ortho-
phosphoric acid cross-linked alginate magnetite membranes. 
For pristine alginate membrane, the diffusion coefficients for 
water and ethanol were equal to 5.1·10–10 and 3.6·10–10 cm2·s–1,  

Table 1 
Test results: transport parameters of water and ethanol for orthophosphoric acid cross-linked alginate magnetite membranes

Magnetite content, w/w%

Water

0 5 10 15 20 25 

Diffusion coefficient DL·1010, cm2·s–1 5.10 ± 0.82 2.78 ± 0.35 2.54 ± 0.17 2.67 ± 0.53 2.26 ± 0.12 2.27 ± 0.21
Flux J, g·m–2·h–1 116.42 ± 2.60 137.00 ± 2.42 137.87 ± 3.12 140.01 ± 6.89 107.22 ± 2.28 109.56 ± 3.10

Permeation coefficient P·1014, Barrer 108.63 ± 5.02 142.06 ± 8.14 133.10 ± 6.53 120.15 ± 6.15 101.93 ± 5.83 93.98 ± 3.11

Solubility coefficient S·104, g·cm–3·Pa–1 21.3 ± 0.35 51.1 ± 0.61 52.4 ± 0.38 45.0 ± 0.92 45.1 ± 0.22 41.4 ± 0.42

Ethanol

Diffusion coefficient DL·1010, cm2·s–1 3.57 ± 0.17 2.61 ± 0.35 2.95 ± 0.18 2.63 ± 0.21 2.48 ± 0.34 2.06 ± 0.25

Flux J, g·m–2·h–1 7.31 ± 0.14 7.02 ± 0.23 7.56 ± 0.24 7.42 ± 0.13 7.81 ± 0.25 7.25 ± 0.17

Permeation coefficient P·1014, Barrer 2.53 ± 0.11 2.56 ± 0.18 2.42 ± 0.18 2.55 ± 0.17 2.58 ± 0.16 2.41 ± 0.18

Solubility coefficient S·104, g·cm–3·Pa–1 0.71 ± 0.02 0.98 ± 0.03 0.82 ± 0.06 0.97 ± 0.08 1.04 ± 0.12 1.17 ± 0.16

Ideal selectivity PH2O/PEtOH 42.86 ± 1.89 55.54 ± 2.28 55.02 ± 2.41 47.10 ± 2.06 39.52 ± 2.18 38.99 ± 1.12

Fig. 3. Schematic view of downstream absorption permeation curve.
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respectively. The addition of iron oxide nanoparticles into 
the alginate matrix decreased the diffusion coefficient of both 
 components to about 2.5·10–10 cm2·s–1. However, the solubility 
coefficients of water were two orders larger than correspond-
ing coefficients for ethanol. In the case of alginate membranes 
enhanced with magnetite, the solubility coefficients of two inves-
tigated components were substantially larger in comparison with 
pristine membranes. The water solubility coefficient was the 
highest at 10 w/w% iron oxide particles content. Furthermore, 
the larger iron oxide content, the lower solubility coefficient was 
obtained. In consequence, the highest permeation coefficient lev-
els have been observed for alginate membranes with 5 and 10 
w/w% magnetite content. This phenomenon can be explained by 
the fact that the addition of magnetite nanoparticles to  alginate 
matrix created extra free volumes in polymer and in consequence 
offered space for water molecules to permeate easily through 
the membranes [16,17]. Due to aggregation of ferroferric oxide 
 particles onto membranes with magnetite content above 10 
w/w% the observed permeation coefficients decreased. 

In the case of ethanol, the solubility coefficient has a 
tendency to increase together with higher magnetite con-
tent in the alginate matrix. As a result, the highest value 
of permeation coefficient was obtained for larger content 
of iron oxide nanoparticles. In view of hydrophobic char-
acter of polar organic solvents like ethanol [28,29], the 
addition of hydrophilic magnetite nanoparticles, there is 
no such influence on hydrophobic head groups of ethanol 
molecules as on hydrophilic water molecules, so obtained 
permeation coefficients were higher for water than for 
ethanol.

The permeation coefficients of water and ethanol 
expressed as ideal selectivity coefficient have shown that the 
most effective separation between ethanol and water can be 
obtained using membranes with 5 and 10 w/w% magnetite 
content, which corresponds to 55.54 and 55.02, respectively. 
In this case, the difference between water and ethanol perme-
ation coefficients was the greatest, which allows for the best 
separation between ethanol and water.

3.2. Ethanol/water separation through Ca2+ cross-linked magnetite 
alginate membranes

Results of the vapour permeability measurements 
through the Ca2+ cross-linked alginate membranes filled 
with iron oxide nanoparticles (Fe3O4) are presented in 
Table 2. 

The test results for pristine alginate membranes cross-
linked with Ca2+ ions have shown that diffusion coefficients 
in water were higher than those for ethanol. Addition of 
iron oxide nanoparticles into the polymer matrix inverted 
the relationship between water and ethanol diffusion coef-
ficients. The diffusion coefficient of water decreased after 
addition of iron oxide nanoparticles and gradually lowered 
with higher magnetite loading. To the contrary, in tests with 
ethanol the diffusion coefficient increased with higher con-
tent of magnetite. Dissimilar behaviour was demonstrated 
by solubility coefficients. Iron oxide nanoparticles loading 
has caused an increase in solubility coefficients of water from 
1.54·10–4 to 5.49·10–4 g·cm–3·Pa–1 for pristine and 25 w/w% 
magnetite-loaded alginate membranes, respectively. In 
contrast, the solubility coefficient of hydrophobic ethanol 
molecules decreased from 0.11·10–4 to 0.04·10–4 g·cm–3·Pa–1  
for pristine and 25 w/w% magnetite-loaded alginate mem-
branes, respectively. In consequence, the highest value 
of permeation coefficient has been observed for alginate 
membranes with the maximum tested load of iron oxide 
nanoparticles. When comparing permeation coefficients of 
water and ethanol, we can notice two orders of magnitude 
difference, as it was the case in alginate membranes cross-
linked with orthophosphoric acid. As presented in Table 2, 
ideal selectivity coefficient results have indicated possibility 
of effective separation of water and ethanol using Ca2+ cross-
linked alginate magnetite membranes. The most favourable 
separation has been demonstrated for membranes with 15 
and 20 w/w% ferroferric oxide nanoparticles content, which 
corresponds to ideal selectivity coefficients equal to 32.18 
and 30.40, respectively.

Table 2 
Test results: transport parameters of water and ethanol for Ca2+ cross-linked alginate magnetite membranes 

Magnetite content, w/w%

Water

0 5 10 15 20 25 

Diffusion coefficient DL·1010, cm2·s–1 7.49 ± 0.96 5.48 ± 0.78 5.77 ± 0.69 4.62 ± 0.54 4.43 ± 0.25 3.13 ± 0.22
Flux J, g·m–2·h–1 166.07 ± 4.60 161.32 ± 4.47 179.84 ± 3.37 182.77 ± 4.63 224.81 ± 5.10 131.60 ± 3.35

Permeation coefficient P·1014, Barrer 11.54 ± 0.53 12.22 ± 0.44 14.19 ± 0.64 16.86 ± 0.93 17.90 ± 0.84 17.18 ± 0.94

Solubility coefficient S·104, g·cm–3·Pa–1 1.54 ± 0.35 2.23 ± 0.33 2.46 ± 0.30 3.65 ± 0.36 4.04 ± 0.25 5.49 ± 0.41

Ethanol

Diffusion coefficient DL·1010, cm2·s–1 4.71 ± 0.12 6.93 ± 0.09 9.79 ± 2.78 10.48 ± 1.27 14.72 ± 2.86 16.85 ± 1.49
Flux J, g·m–2·h–1 11.29 ± 0.15 11.42 ± 0.12 12.05 ± 0.45 11.21 ± 0.65 11.79 ± 0.43 12.39 ± 0.50

Permeation coefficient P·1014, Barrer 0.52 ± 0.07 0.55 ± 0.04 0.59 ± 0.08 0.59 ± 0.03 0.59 ± 0.06 0.67 ± 0.13

Solubility coefficient S·104, g·cm–3·Pa–1 0.11 ± 0.01 0.08 ± 0.01 0.06 ± 0.01 0.05 ± 0.01 0.04 ± 0.01 0.04 ± 0.01

Ideal selectivity PH2O/PEtOH 22.28 ± 0.56 23.04 ± 1.36 24.16 ± 1.22 32.18 ± 1.51 30.40 ± 1.39 25.50 ± 0.82
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3.3. Comparison of ethanol/water separation through different 
cross-linked alginate membranes filled with iron oxide magnetite 
nanoparticles

In both cases, the addition of iron oxide magnetic 
nanoparticles to the polymer matrix has a specific impact on 
the separation between ethanol/water mixtures. In the case 
of membranes cross-linked with orthophosphoric acid, the 
diffusion coefficients of both considered components were 
very similar and decreased after the addition of magnetite. 
For membranes cross-linked with Ca+2 ions, the ratio between 
water and ethanol diffusion coefficients conversely changed 
after addition of ferroferric oxide nanoparticles to polymer 
matrix. 

In the case of water permeated both through orthophos-
phoric acid and Ca+2 cross-linked alginate membranes, higher 
dose of magnetite nanoparticles increased solubility coeffi-
cients. However, higher values of the solubility coefficients 
were obtained for alginate membranes cross-linked with 
orthophosphoric acid. As confirmed by the Fourier transform 
infrared (FTIR) method, phosphoric acid established a link-
age with NaAlg through ester formation, which stabilized 
the chemical structure of the membrane. In orthophosphoric 
acid cross-linked alginate membranes, covalent interactions 
between phosphoric acid moieties with hydroxyl groups 
present in the NaAlg are responsible for the cross-linking 
mechanism. This interactions strengthen the charge density 
in alginate membranes leading to an increase in affinity of 
membrane towards water molecule [30]. Conversely, Ca+2 
ions bind with α-L-guluronic acid blocks resulting in the 
bridging of two blocks in the neighbouring alginate chains 
leading to the formation of 3-D water-insoluble gel network 
[31]. Ca+2 cross-linked NaAlg membranes appeared more 
dense and rehydrated to a lesser extent in water, which have 
led to less favourable transport properties, especially in the 
case of dry cast gelation. The ethanol solubility coefficients of 
both types of membranes were lower than for water. NaAlg 
membranes have a strong affinity to water, which allows 
these materials to be wetted immediately. For such mem-
branes, water rather than ethanol passes preferably through 
the membrane.

The results have shown that the orthophosphoric acid 
cross-linked alginate membranes with magnetite addition 
have superior separation properties to the magnetic alginate 
membranes cross-linked with Ca+2 ions. It is demonstrated 
by the greater difference between the received permeability 

coefficients for water and ethanol and higher levels of calcu-
lated ideal selectivity coefficients (Fig. 4). The most desirable 
selectivity conditions were achieved for alginate membranes 
cross-linked with orthophosphoric acid with 5 and 10 w/w% 
iron oxide particles content.

4. Conclusions

In this paper, we have discussed the influence of two 
types of cross-linkers, that is, orthophosphoric acid and 
Ca2+ ions, and ferroferric oxide nanoparticles presence on 
the properties of NaAlg membranes. In vapour permeation 
experiments, the magnetic particles content ranged from 0 
to 25 w/w%. Observed influence on separation properties 
for orthophosphoric acid cross-linked alginate membranes 
manifested in higher ideal selectivity coefficient that for Ca2+ 
ions cross-linked one. The addition of iron oxide nanoparti-
cles influenced both the diffusion and solubility coefficients 
of water and ethanol. Comparing the separation proper-
ties on the basis of ideal selectivity coefficients, it can be 
 concluded that the orthophosphoric acid cross-linked algi-
nate membrane with iron oxide addition has better sepa-
ration properties that the corresponding Ca2+ cross-linked 
membrane. It has been demonstrated by the greater differ-
ence between the permeability coefficient for water and eth-
anol. The most suitable separation parameters were obtained 
for membranes with 5 and 10 w/w%, and 15 and 20 w/w% 
for  orthophosphoric acid and Ca2+ ions cross-linked alginate 
membranes, respectively. Substantial difference between flux 
and permeation coefficient values for the same dose of mag-
netite provides promising results for effective and efficient 
separation of ethanol/water mixture and more effective con-
centration process of ethanol solutions.
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