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Research  into the infl uence of ethoxylated alcohols on the citric acid transport through polymer inclusion membranes 
(PIMs) has been carried out. This process may be used in the future as one of the methods of citric acid isolation. 
Ethoxylated alcohols, which were GENAPOL® X020, X060 and X150, served as both: plasticizer and carrier. The 
results showed that the maximum values of citric acid fl ux [mol/(m2.s)] were equal to: 1.02.10–4 (X020), 1.57.10–4 
(X060) and 1.77.10–4 (X150). The obtained results allow proceeding further study  on using the polymer inclusion 
membranes, as an alternative to traditional methods of citric acid separation, which are precipitation and extraction.
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INTRODUCTION

Separation process is one of the most energy-consuming 
and expensive stage of production in chemical industry. 
Developing an eco-friendly, cheap and waste-free techno-
logy of isolation citric acid from fermentation solutions 
would mean not only getting rid of large quantity of 
dangerous to the environment and man substances used 
during production, or apparatus simplifi cation, but also 
could save a lot of money. Membrane techniques can 
be such a technological solution.

Citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid) 
is one of the most widely used organic acid in the world. 
We can fi nd its application in many branches of industry, 
mainly in pharmaceutical, cosmetic and food industry1. 
Because of its wide application, citric acid became va-
luable product of great industrial meaning. The main 
method of citric acid production is fermentation using 
microorganisms, such as Aspergillus niger, Aspergillus 
wentii1, 2 and Yarrowia lipolytica3. The source of carbon 
in the production process can be sucrose, juices or sugar 
starch, all used as nutrient medium, but also glycerol 
fraction, created during biodiesel production4.

Fermentation processes are safe and eco-friendly. Be-
cause of these facts, in recent years, biological methods 
of citric acid production were developed signifi cantly, 
which resulted in lowering the production costs and the 
quantity of generated harmful waste5, 6.

A problem occurs after the process of fermentation – 
the problem of isolation desirable product from fermen-
tation broth. So far, one of the most common methods 
of separation has been isolating citric acid as precipitated 
calcium citrate, using calcium hydroxide. Citric acid is 
obtained by using sulfuric acid on precipitate. Then, the 
solution is fi ltrated, removing gypsum (byproduct). After-
wards, citric acid is crystallized. The main disadvantage 
of this method is generating great amounts of polluted 
calcium sulfate. Citric acid can be also extracted from 
the fermentation broth. This method requires the usage 
of dangerous for the environment organic solvents and 
expensive active compounds7, 8.

In relation to chemical industry modernization, taking 
care of the environment and also the economical aspect 
of the production process, new technological solutions 
are being developed. These solutions should reduce the 

cost of production and the number of fl aws, regarding the 
process of isolation citric acid from fermentation broth. 
Therefore, a recently intensive research in the fi eld of 
application membrane techniques as a separation method 
during citric acid production is conducted.

Polymer inclusion membranes (PIMs) are relatively a 
new type of liquid membranes, which probably can be 
used to extract citric acid from fermentation broth. For 
the preparation of PIMs, most common polymer matrixes 
are either cellulose triacete (dissolved in methylene chlo-
ride) or polyvinyl chloride (dissolved in tetrahydrofuran). 
Quantities of active compounds used in preparation 
process are very low, as well as they are slowly eluted 
from membranes, so their potential malignance can be 
omitted10, 11, 12.

Until recently, polymer inclusion membranes were 
mainly used in metal ions  transport13, 14, 15, 16, 17, however 
recent studies show that PIMs can be used in the sepa-
ration process of organic compounds18, including citric 
acid19. Application of polymer inclusion membranes can 
become an alternative to traditional methods of citric 
acid isolation (extraction and precipitation methods), 
because PIMs do not require large amounts of solvents, 
often expensive and harmful to the environment, which 
makes them eco-friendly and safe. Membranes, used 
in this study, are cheap, their usage does not generate 
byproducts, and furthermore, appropriate selection of 
compounds in the membrane maximizes parameters of 
separation process.

Polymer inclusion membranes can be prepared with 
various kinds of plasticizers and carriers. The plasticizer 
is responsible for making the membrane fl exible and 
for neutralizing effects of polar polymer matrix groups. 
Plasticizer should also be compatible with the polymer 
matrix of the membrane. The commonly used substances 
are NPOE or TEHP20. Carriers, often referred to as 
active compounds, are responsible for mass transport 
(metal or organic) through membranes. Selective se-
paration of compounds can be done, depending on the 
type of carrier. The most often used active compounds 
are: CYANEX® 921 or 923 (derivative of phosphinic 
acid), TBP (derivative of orthophosphoric acid) and 
TOA or Aliquat 321 (tertiary and quaternary amines)12. 
There can  also be found substances, which can be both, 
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a plasticizer and a carrier – for example ethoxylated 
alcohols, used in this study.

This paper reports the infl uence of the kind and amount 
of the used oxyethylate (being both carrier and plastici-
zer) in the preparation of membranes, on the transport 
of citric acid through polymer inclusion membranes. 
Cellulose triacete (CTA) was used as polymer matrix, 
whereas the active substances were: GENAPOL® X020, 
X060 and X150 (Fig. 1, produced by Clariant Corpora-
tion, analytically pure). 

nized water (R ≈ 1.5MΩ). The working surface of the 
membrane was equal to 4.15 cm2. Two stirrers, one in 
each chamber, provided constant mixing of two phases. 
The apparatus was placed in water bath, which held 
the temperature of the process at approximately 25oC. 
The conductivity was measured every 7 minutes, using 
an electrode (pH/Conductivity Meter CPC-501 ELME-
TRON) placed in the receiving phase chamber. The 
process lasted 24 hours. Based on the calibration curve, 
conductivity was converted to the molar concentration 
of citric acid in the receiving phase.

RESULTS

Starting from Fick’s second law, some simplifi cations 
were assumed13:

a) both  the supplying and receiving phase reactions 
very fast lead to the chemical equilibria,

b) the citric acid concentration in the membrane is 
negligibly small, compared to the concentration of the 
oxyethylate, which results in allowing to assume constant 
carrier concentration within the membrane,

c) diffusion of the compound in the liquid fi lm on 
the surface of the membrane is much faster than the 
diffusion of the complex through the membrane,

d) mass transport through the membrane is a result 
of Fickian diffusion and the concentration gradient of 
citric acid – oxyethylate complex is linear,

e) both the supplying and the receiving phase are 
ideally mixed.

These assumptions allow describing a relation betwe-
en the temporary to initial concentration of citric acid, 
time-dependent with the following formula:

 (1)

where: C – temporary concentration of citric acid in 
time t, in the receiving phase [mol/dm3], C0 – initial 
concentration of citric acid in the supplying phase [mol/
dm3], t – time [s], k – rate constant.

Using Formula 1, rate constant k was calculated, which 
was later used to determine parameters of citric acid 
transport, such as ion fl ux (J0 [mol/m2.s]), permeability 
coeffi cient (P [m/s]) and diffusion coeffi cient (D [m2/s]):

 (2)

 (3)

 (4)

where: A – membrane surface [m2], V – volume of 
receiving/supplying phase [m3], d – thickness of mem-
brane [m].

The change of temporary to initial citric acid concen-
tration ratio in time, for GENAPOL® X020 as a car-
rier, is shown in Figure 3 (for more clarity, only few 
carrier concentrations were shown). As it can be seen, 
the change of carrier concentration in the membrane 
causes the change of citric acid transport rate through 
membranes. In the beginning, along with the growth 
of carrier concentration in the membrane, also the 

Figure 1. GENAPOL® structure: for X020, x = 2; for X060, 
x = 6; for X150, x = 15

Figure 2. Experimental apparatus 1 – receiving phase, 2 – sup-
plying phase, 3 – membrane, 4 – stirrers, 5 – electrode

EXPERIMENTAL

To prepare polymer inclusion membranes, used in 
the study, the following reagents were used: solution of 
1.25 g cellulose triacete (CTA, Sigma-Aldrich, >98%) 
dissolved in 100 cm3 of methylene chloride (POCH 
Gliwice, >99%) and 10% (v/v) solution of oxyethylates 
(responsible for being plasticizer, as well as carrier) 
– GENAPOL® X020, X060 and X150, dissolved in 
methylene chloride. 1.5 cm3 of CTA solution was used 
to make each membrane, although the volume of oxy-
ethylate solutions varied from 0.025 to 1 cm3 (in the case 
of using GENAPOL® X150, maximum volume of the 
oxyethylate solution was 0.5 cm3 – using more resulted 
in preventing membrane removal from Petri dish, due 
to the too low mechanical endurance of the membrane). 
The mass fraction of oxyethylate varied from about 0.1 
to about 0.9 (Table 1–3). The solutions of CTA and 
oxyethylates were mixed in appropriate proportions, 
poured to Petri dishes and then put away for the time 
necessary for the solvent to evaporate. After 24 hours, 
membranes were removed from Petri dishes and then 
they were weighed. Also the thickness was measured 
on eight points (fi ve repetitions in every point) on the 
membrane surface with using thickness gauge PosiTector 
(accuracy 0.1 μm). Before the process of organic acid 
transport, membranes were soaked in deionized water 
for 24 hours.

The transport rate of citric acid through polymer in-
clusion membranes was measured, using the apparatus 
shown in Figure 2. It consists of two glass chambers, 
separated from each other with a membrane. The 
chamber with the supplying phase contained 60 cm3 of 
0.1 mol/dm3 water solution of citric acid (monohydrate, 
analytically pure, POCH Gliwice), whereas the chamber 
with the receiving phase was fi lled with 60 cm3 of deio-
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transport rate grows, up to the volume of the carrier 
in membrane equal to 0.02–0.03 cm3 (mass fraction of 
the carrier equal about 0.5). Afterwards,  the growth 
of carrier concentration causes a decrease of the citric 
acid transport rate. Similar results are observed with 
other oxyethylates: X060 (Fig. 4) and X150 (Fig. 5). As 
it can be seen, also in these cases the change of carrier 
concentration in the membrane results in the change of 
transport rate. In both, GENAPOL® X060 and X150, 
maximum values were achieved with 0.03 cm3 oxyethylate 

from 0.0025 to about 0.025-0.003 cm3 the membranes 
thickness increases with increasing the amount of the 
carrier. For oxyethylate volume above 0.003 cm3, the 
thickness stabilizes on the constant level (small growth 
of thickness with the increasing volume of carrier). 
Stabilizing of the thickness is connected with the pre-
cipitation of the carrier on the membrane surface. For 
higher amounts of the applied oxyethylates, only part of 
the carrier volume is built into the membrane structure. 
The rest of the carrier is precipitated on the membranes 
surface, which can be clearly observed during membrane 
preparation.

Based on formulas (2, 3, 4) shown earlier, the para-
meters of citric acid transport through the membranes 
were calculated (rate constant of the process – k, citric 
acid fl ux – Jo, permeability coeffi cient – P and diffusion 
coeffi cient – D), for all three oxyethylates: X020 – Table 
1; X060 – Table 2; X150 – Table 3.

When analyzing the results shown in Tables 1, 2 and 
3, it can be seen, that with the growth of oxyethylate 
amount in the membrane also grows the transport rate 
of citric acid through the membrane. The designated 
transport parameters reach their maximum value with 
the mass of the oxyethylate within the membrane equal 
to 0.023–0.025 g for X020 (Table 1) and X060 (Table 2), 
and 0.039 g for X150 (Table 3) – the volume of carriers 
equal to about 0.025–0.03 cm3. Then, with further incre-
ase of oxyethylate amount in the membrane, parameters 
of transport decrease, for X020 and X150 quite rapidly, 
however X060 has gentler decline of these parameters. 
The decrease of citric acid transport, for membranes 
with volume of oxyethylate more than 0.03 cm3, is 
connected with the carrier precipitation on membranes 
surface. Above the volume of 0.03 cm3 of carrier in the 
membrane, membranes thickness stabilizes (Fig. 6), which 
is caused by precipitation of additional amount of oxy-
ethylate and results in covering the membranes surface 
with carrier. The extra layer of the precipitated carrier 
creates additional resistance, which leads to decrease of 
transport parameters.

When assessing the results for the lowest amounts of 
oxyethylates in membranes, it can be seen, that for the 
membranes with the mass of oxyethylate lower than 
0.005 g (in all cases), the process of transport did not 
occur. The fi rst signs of citric acid transport were spotted 
for the oxyethylate mass in the membrane equal about 
0.007 g (oxyethylate and membrane mass ratio circa 

Figure 3.  Temporary to the initial citric acid concentration ratio 
vs. time of the process; regarding X020. Supplying 
phase: 60 cm3 0.1 mol/dm3 citric acid; receiving phase: 
60 cm3 of the deionized water

Figure 4. Temporary to the initial citric acid concentration 
ratio vs. time of the process; regarding X060. The 
supplying phase: 60 cm3 0.1 mol/dm3 citric acid; 
receiving phase: 60 cm3 of the deionized water

Figure 5. Temporary to the initial citric acid concentration ratio 
vs. time of the process; regarding X150. The supplying 
phase: 60 cm3 0.1 mol/dm3 citric acid; receiving phase: 
60 cm3 of the deionized water

Figure 6. Infl uence of carrier volume added during membrane 
preparation on membrane thickness. ♦ - GENAPOL 
X020, ■ – GENAPOL X060, ▲ – GENAPOL X150

in the membrane (mass fraction of carrier equal about 
0.5 for X060 and 0.8 for X150).

Figure 6 presents the relation between membranes 
thickness and volume of oxyethylate applied during 
membrane preparation (volume varied from 0.0025 to 
0.05 cm3). As it could be observed, for volume range 
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0.28). These results can be explained with percolation 
theory, therefore the lowest concentrations of oxyethyla-
tes in the membranes can be considered as percolation 
threshold21, 22, 23.

Figure 7 shows the relation between ion fl ux and 
volumes of different oxyethylates in membranes. As it 
can be seen, for very small amounts of the carrier, the 
transport of citric acid does not occur. Then, with the 
growth of the amount of oxyethylate in the membrane, 
an increase of transport parameters can be observed, 
reaching the maximum at oxyethylate and membrane mass 
ratio equal to: 0.48 for X020; 0.52 for X060 and 0.78 
for X150. Further growth of oxyethylate concentration 
results in the decrease of citric acid transport parame-
ters, however depending on the used kind of carrier, 
it is either mild (X060) or sharp (X020 and X150). As 
it can be observed, maximum values of transport were 

obtained for pretty much the same volumes of oxyethy-
late solutions, used for the preparation of membranes, 
however its values grew with the amount of oxyethylated 
groups in the compounds.

On the basis of the obtained results and publication of 
other authors21, 22, 23, it is possible to propose fi xed-site 

Table 1. Parameters describing citric acid transport through PIM for different oxyethylate GENAPOL® X020 concentrations. Jo – 
citric acid fl ux, P – permeability coeffi cient, d – membrane thickness, k – transport rate constant, D – diffusion coeffi cient. 
Supplying phase: 60 cm3 0.1 mol/dm3 citric acid; receiving phase: 60 cm3 of the deionized water

Table 2. Parameters describing citric acid transport through PIM for different oxyethylate GENAPOL® X060 concentrations. Jo – 
citric acid fl ux, P – permeability coeffi cient, d – membrane thickness, k – transport rate constant, D – diffusion coeffi cient. 
Supplying phase: 60 cm3 0.1 mol/dm3 citric acid; receiving phase: 60 cm3 of the deionized water

Figure 7. Values of ion fl ux vs. volume of the used oxyethylate

Table 3. Parameters describing citric acid transport through PIM for different oxyethylate GENAPOL® X150 concentrations. Jo – 
citric acid fl ux, P – permeability coeffi cient, d – membrane thickness, k – transport rate constant, D – diffusion coeffi cient. 
Supplying phase: 60 cm3 0.1 mol/dm3 citric acid; receiving phase: 60 cm3 of the deionized water
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jumping as the transport mechanism (Fig. 8). Probably, 
the transport of the citric acid trough PIM occurs due 
to interactions between carboxylic groups of the acid and 
oxyethylated groups of the carrier. It could be assumed 
that only citric acid can displace in the membranes struc-
ture and the carrier is motionless. The results obtained 
in this study, confi rm this assumption. Firstly, it could 
be observed that the transport increases with increasing 
the number of the oxyethylated groups in the carrier 
chain (for the same carrier volume). In the case, where 
the citric acid creates a stable complex with the carrier, 
which diffuses across the membrane, this dependence 
should be opposite. Also, the decrease of transport rate 
with increasing the number of oxyethylated groups in the 
compound should be observed, because it is expected, 
that with the increasing number of oxyethylated groups, 
the compound is less mobile. Additionally, these results 
confi rm that the citric acid interacts with oxyethylated 
groups of carrier. Secondly, the occurrence of percolation 
threshold is being observed. For the transport mechanism, 
where the complex diffuses across the membrane, the 
percolation threshold should not be seen. In the fi xed-site 
jumping mechanism, some minimal volume of the carrier 
in the membranes structure is necessary to create the 
pathway for “jumping” through the membrane. Because 
the carrier is motionless, the transport occurs only if the 
connection between the two sides of membrane exists. 
For that purpose, the minimal concentration of carrier 
in the membrane is necessary, which is manifested by 
the presence of the percolation threshold. In addition, 
the transport parameters of membranes with more than 
minimal concentration of carrier (above the percolation 
threshold), are growing very fast with the increase of 
carriers volume (rapid increasing number of transport 
pathways) (Fig. 7).

CONCLUSIONS

This study enables to determine the infl uence of the 
used oxyethylates (GENAPOL® X020, X060 and X150) 
and their concentration, on the citric acid transport 
parameters through polymer inclusion membranes. The 
result analysis allows a conclusion, that along with the 
growth of oxyethylate concentration in the membrane, 
there is an increase of transport parameters, such as 
ion fl ux and permeability. The increase of parameters 
is observed, until the oxyethylate and membrane mass 
ratios reach around 0.5 for X020 and X060, and 0.78 
for X150. The results show that membranes with higher, 
than the mentioned above, oxyethylate mass ratio, have 
lower values of citric acid transport parameters, in com-
parison to the maximum values. This may be caused by 
oxyethylate precipitation on the surface of the membrane. 

The obtained results indicate  that the maximum va-
lues of ion fl uxes, permeability and diffusion coeffi cients 
were received with similar volumes of the oxyethylate in 
the membrane (0.025–0.03 cm3), however these values 
increase with the growth of oxyethylated groups in used 
oxyethylates.

Processes of citric acid transport through PIMs, car-
ried out with membranes with the  lowest amounts of 
oxyethylates (less than 0.005 cm3, mass fraction less than 
0.2) showed that citric acid was not being transported 
through the membranes. The fi rst signs of transport were 
observed for oxyethylate mass in the membrane equal to 
0.007 g (X020 and X060) and 0.0065 g (X150). These 
facts can be explained by percolation theory23, whereas 
the lowest oxyethylates concentration, which allows the 
citric acid transport through the membrane to occur, can 
be considered as percolation threshold. According to the 
latest studies, the presence of percolation threshold, along 
with the rapid increase of citric acid transport above 
it, can prove that citric acid is transported through the 
membrane in accordance with the theory of facilitated 
transport21, 22, 23, where the carrier is motionless and 
the transport takes place on account of transition of 
citric acid particles between carrier particles (fi xed-site 
jumping). In addition, it is observed, that the increase 
of transport parameters values is followed by the growth 
of number of oxyethylated groups in the carrier, which 
can lead to a conclusion that they are responsible for the 
transport of citric acid. Furthermore, with the increase 
of oxyethylated groups, also the viscosity of the carrier 
grows, which also confi rms the thesis of motionless carrier.

This study also confi rms the role of oxyethylates as 
plasticizers, responsible for making the membrane fl exi-
ble, and carriers of organic acids, allowing the transport 
to take place. The right composition of substances, used 
in the preparation of membranes, and also parameters 
of the process (time, temperature, stirring), can lead 
to maximization of the transport process, all of which 
require further studies.
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