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Adipic acid appears as an intermediate compound for the synthesis of polyamides and preferentially for the
production of nylon-6,6 polyamide. It can be synthesized by the oxidation of cyclohexene by hydrogen peroxide
in microemulsion media which has the main advantage to lead a better contact between the two phases thus
increasing the yield of the reaction. The microemulsion is generated by stearyl dimethyl benzyl ammonium
chloride (C18) as a surfactant avoiding the use of harmful organic solvents and phase-transfer catalysts. The

reaction is performed under mild conditions (85 °C, 8 h) with sodium tungstate, - a no heavy metal catalyst -
leading to the production of adipic acid in high yield (> 80%). By recycling the catalyst and the surfactant, the

process becomes truly green.

1. Introduction

Industrial production of adipic acid is obtained predominantly from
cyclohexane, followed by an oxidation of cyclohexanol-cyclohexanone
mixture and requires the use of nitric acid [1,2], a known hazardous
chemical. Furthermore, nitrous oxide (N;O) is generated as a by-pro-
duct during the production of adipic acid and nitric acid (0.3 t emitted
by ton of adipic acid produced) which makes this process one of the
largest sources of N,O industrial emissions and contributes to the ozone
layer depletion [3]. Many processes based on the use of cyclohexane
exist including the followings:

Concerning the Stamicarbon process, the first step consists in the air
oxidation of cyclohexane to a cyclohexanol-cyclohexanone (ol-one
mixture) mixture [4] which is a very exothermic reaction (AH,298 =
—295kJ mol ™) carried out in the liquid phase between 145 and
175 °C and under a pressure of 0.8-1.0 MPa. It employs a soluble cobalt
salt (octanoate or naphthenate) as catalyst. In the second step, ol-one
mixture is oxidized by 40-60% nitric acid with copper and vanadium
catalysts for obtaining adipic acid. In order to limit the formation of by-
products, it is necessary to limit the conversion between 4 and 6% by
mass for each pass in the first step; this requires considerable recycling.
With these characteristics, an equimolar ol-one mixture is obtained and
the overall yield of ol-one, adipic acid and ester mixture of the latter is
about 80% by weight.

* Corresponding author.
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The Halcon process is an improvement of the Stamicarbon process,
proposed by Scientific Design [5]. Boric acid is added to the reaction
media, which makes it possible to block the cyclohexanol formed by the
reaction in the form of borate and thus to protect it from any sub-
sequent oxidation. Once isolated, boric esters are readily hydrolyzable
and boric acid is recyclable. In order to prevent this hydrolysis, it is
necessary to remove the water formed during the reaction. This method
results in an ol-one mixture in the molar ratio of 9 to 10:1, the con-
version rate by pass can be increased to 10% and the yield is 90%.
Despite the disadvantage of working with a solid (H3BO,) this process
exhibits a much better yield than the previous one. This ol-one mixture
is then oxidized in the second step, either by nitric acid or by air.

e Nitric acid: the mixture is treated in excess of nitric acid in the
presence of ammonium methavanadate and copper turnings. The
reaction is very exothermic and the molecular yield of adipic acid
reaches 92-96%. The process requires a separation step of formed
gases and the recrystallization of adipic acid.

Oxidation by air: the reaction is carried out at 70-80°C under
0.7 MPa with copper acetate and manganese as catalysts. The crys-
tallization of adipic acid is also necessary. This process reduces
safety and corrosion problems and the acid yield is lower.

The Asahi process [6-9] consists in the direct oxidation by air of



cyclohexane in solution in acetic acid. This technique uses the cobalt
acetate as oxidation catalyst and operates between 90 and 100 °C. The
molar selectivity to adipic acid reaches 70-75% for conversion rates by
pass between 50 and 75%. Even if the yield of adipic acid is comparable
to that of the previous processes, the investments necessary for its im-
plementation are very important. This is due to the cost of recovering
and recycling the acetic acid, the regeneration of the catalyst and the
cooling devices required to manage the high exothermicity of the re-
action. All this explains the weak industrial development of this pro-
cess.

BASF has developed a process based on the carbonylation of buta-
diene [10]. It operates in two steps: first, butadiene reacts with carbon
monoxide and methanol at 120 °C and 60 MP a. Dicobalt octocarbonyl
(Cox(CO)g) is used as catalyst in the presence of a heterocyclic nitrogen
base. At the end, methyl pentene-3-ole is formed with a selectivity of
98 mol%. In a second step, the olefinic e steri st reated w ith a new
quantity of carbon monoxide and methanol. The reaction is carried out
at 185 °C under 3 MPa. Methyl adipate is then formed with a yield of
75 mol%. Glutarate and methyl succinate ethyl are also formed. The
methyl adipate is then purified by distillation and then hydrolyzed to
adipic acid. Despite the large investments due to the high pressures
implemented in the first stage, this process is economically comparable
to the conventional methods.

An alternative process is based on the dimerization of acrylates. As
the previous method, the dimerization of acrylates has the advantage of
not sourcing the adipic acid from benzene but from olefins. In fact,
methyl acrylate results from the oxidation of propylene to acrylic acid,
which is then esterified with methanol. The dimerization of the acrylate
then takes place in the presence of palladium chloride and benzonitrile
as catalyst. The reaction is carried out at 80 °C under a nitrogen at-
mosphere. For a contact time of 35 min per pass, a conversion of 45%
together with a 92% selectivity into linear dimer are obtained. The ester
formed is then purified by fractionation, hydrogenation and hydrolysis
to adipic acid. This process is advantageous compared to conventional
routes due to the low cost of raw materials.

All these processes are not sustainable and green and the develop-
ment of a new process less damaging for the environment is of crucial
importance [11-15].

Adipic acid can be also obtained by oxidation of cyclohexene by
hydrogen peroxide in the presence of a catalyst [16] (Scheme 1). Recent
works show the last advances on the development specially either on
the choice of the catalyst or the type of process (batch and continuous)
[17,18].

In a previous work, we have shown the interest to introduce mi-
croemulsions as a new green solvent for the production of adipic acid
[19] using hydrogen peroxide and benzalkonium chlorides as surfac-
tant.

A microemulsion is a system formed of water, oil, amphiphilic
agents, which is transparent and thermodynamically stable. Physical
and chemical properties of the microemulsion are interesting, in par-
ticular from the point of view of thermodynamic stability, low forma-
tion barrier kinetics, low viscosity and excessively low interfacial ten-
sion. Given these particular properties, microemulsions become more
significanti n b oth r esearch a nd i ndustry. A m icroemulsion distin-
guishes by the size of its dispersed droplets in the range between 50 and
1000 A. The dispersed molecules merge with the water molecules and
are defined as transparent liquid / liquid dispersions of water and oil.
They are not very viscous and their formation is spontaneous and re-
quires very little energy.

+ 4 H,05 catalyst o

Since many years, microemulsions have been used as reaction media
for numerous chemical reactions [20-25]. Often considered as a simple
solvent, microemulsions are employed to overcome reactant solubility
problems in water. On the other hand, because of their particular in-
terfacial properties which create a nanoscale contact between hydro-
philic and hydrophobic reactants, microemulsions could be used as
“chemical reactors”. Microemulsions allow a more homogenous solu-
bilisation of oil in water than emulsions based on micellar solutions.
Also, the concentration of the reactants at the interface has been
exploited to induce regio-specificity or stereo-selectivity in an organic
reaction [26]. Use of microemulsions as reaction media is also com-
patible with a catalytic process [27-35]. Nowadays, microemulsions
are versatile reactions media for many organic syntheses but at this
time, no industrial reaction process based on microemulsions exits.

We already described a reusable green process for the synthesis of
adipic acid in very good yield and purity by hydrogen peroxide oxi-
dation of cyclohexene in a microemulsion [36] in a previous work. The
originality of the process was based on the use of microemulsions as
reaction media without cosurfactant and on the molecular economy
principle, almost all the compounds acting as reagents too. Micro-
emulsions allow working in a macroscopic homogeneous media for a
better reactivity and pure adipic acid in obtained without any difficulty
by simple filtration using a low pH.

In the present work, we propose the use of a microemulsion as re-
action medium at 85 °C, including hydrogen peroxide as aqueous oxi-
dant phase, cyclohexene as reagent and oil phase and benzalkonium
chloride C18 as surfactant. The Krafft temperature [37] of this surfac-
tant allows a precipitation at 27 °C. Maintaining the pH at 1 (+ H5SO,)
and the temperature at 40 °C allowed us to precipitate pure adipic acid.
The surfactant and the catalyst (Na,WO,) are then recovered by fil-
tration at room temperature for a new reaction cycle.

2. Materials and methods
2.1. Materials

Benzalkonium chloride C18 (90%, Sigma-Aldrich), cyclohexene
(99%, Sigma-Aldrich), sulfuric acid (95-97%, Sigma-Aldrich), dihy-
drated sodium tungstate (99%, Sigma-Aldrich), hydrogen peroxide
(30 wt%, Sigma-Aldrich), were used for the reaction experiments as
received without purification. Methanol (99.9%, Fluka) and toluene
(99.9%, Sigma-Aldrich) were used for cyclohexene GC analysis.
Potassium permanganate (98.5%, Sigma-Aldrich) was used for hy-
drogen peroxide titration. Sodium hydroxide solution (30%, Analar
Normapur) was used for adipic acid titration.

2.2. Synthesis of adipic acid in microemulsion

Reactions were carried out in a 1.4L cylindrical water-jacketed
glass reactor equipped with a magnetic stirring bar and a reflux con-
denser. BenzCl C18 (82.5g), hydrogen peroxide (30% solution,
1321.5g), sodium tungstate (20.5 g) and sulfuric acid (46 g) were in-
troduced at one time. The mixture was strongly stirred at 70 °C until
total dissolution and then 150 g of cyclohexene were added. The solu-
tion was maintained at 85 °C during 8 h [36].

Oxidation of cyclohexene by H,0, typically involves epoxidation of
the double bond, its opening and transformation to a diol, and then a
Baeyer-Villiger oxidation and multiple hydrolysis steps resulting in
adipic acid (Scheme 2) [38,39].

Scheme 1. Oxidation of cyclohexene with hydrogen
peroxide.
OH
+ 4H,0
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Scheme 2. Different steps of the formation of adipic acid : epoxidation of cyclohexene 1 - rapid hydrolytic ring opening of the bicyclic epoxide 2 - dehydrogenation of
the secondary alcohol 3 — formation of hemiacylal 5 - Baeyer-Villiger oxidation and hydrolysis to the adipic acid 7.

2.3. Filtration step

After cooling at 40 °C for 1h, adipic acid precipitated and was re-
covered by Biichner filtration (fritted glass funnels with pore size of
2-4 um). The crude product was washed with cold water (10 mL) and
the white powder was then dried at 40 °C (cycle 1). For recyclability
studies, the filtrate was cooled at 20 °C and the solid (BenzCl C18, so-
dium tungstate and remained adipic acid) was recovered by Biichner
filtration. This mixture was reintroduced into the reactor with hydrogen
peroxide and cyclohexene (with the same quantities as for the first
cycle) for a new cycle (8 h at 85°C (Fig. 1)).

In order to improve the solid/liquid separation step, some pre-
liminary ultrafiltration experiments were carried out. The study was
performed with a dead-end filtration unit (Berghof) with a hydrophilic
coated polyvinylidenefluoride membrane (ETNA 10 P P). The effective
membrane area was 3.52 X 10°° m? and the total effective volume
was about 300 mL. Stirring speed (200 rpm) and temperature (20 °C)
were maintained constant in all tests. The cell was filled with 100 mL of
the liquid waste containing adipic acid, surfactant and catalyst. The
filtration was conducted until a volume reduction factor (VRF) of 3
(33 mL of permeate had been collected). Then, the resulting concentrate
(the volume remaining in the storage) was added at the beginning of
the reaction cycle with the reactants.
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2.4. Analytical procedures

2.4.1. Cyclohexene titration

Gas chromatography (Varian CP-3800) with a flame-ionization de-
tector was used to determine the quantity of remaining cyclohexene.
Separation was accomplished using a MachereyeNagel Optima-1-
Accent-0.25 mm column (30 m, 0.25mm). 1 pL of a solution prepared
with 500 mg of crude reaction mixture, 50 mg of toluene (internal
standard) and 500 mg of methanol was injected. The GC settings were
programmed as follows: injector temperature 150 °C (1 mL/min, split
ratio: 10); detector temperature 350 °C; column temperature 50 °C for
5min. The detection limit was 1 mgL~'. The accuracy for measure-
ments of samples containing a concentration of 30.4mgL~! was +/-
1.3mgL~".

2.4.2. Adipic acid titration

Adipic acid concentration was determined by acid-base titration. A
0.025N NaOH solution was prepared and was standardized with a
H,S0, solution (0.025 N) in an automatic titrator Mettler Toledo DL50.
Adipic acid formation was followed by NaOH titration. Measurements
were performed at least three times.

2.4.3. Adipic acid purity
The adipic acid purity was determined by HPLC in a Waters Alliance

Fig. 1. Simplified diagram for adipic acid synthesis in
microemulsion with BenzCl C18. 1: reaction of cyclo-
' hexene oxidation by hydrogen peroxide at 85 °C and
first adipic acid precipitation at 40 °C; 2: filtration at
40°C; 3: second precipitation at 20 °C (adipic acid,
catalyst, possible by-products and surfactant); 4: fil-

Wet solid recycled tration at 20°C.

(AAHNaWO4+C1g)

Liquid waste stream

Cere
Cnazwos



2695 Separation Module with a 2487 UV detector. Analysis were car-
ried out at 210nm with an Xbridge Shield RP C18 column
(2,1 x 150 mm, 3.5 um particles). The mobile phase consisted of acet-
onitrile (A) and aqueous acetic acid (0.1%) (B) at a flow rate of 0.3 mL
min~ . A gradient separation mode was used as follows: 0 min: 9% A,
91% B; 5min: 9% A, 91% B, 15min 100% B.

2.4.4. Hydrogen peroxide titration

The hydrogen peroxide solution concentrations were determined by
permanganometry. A standard 0.02M potassium permanganate
(KMnO,) solution was prepared (3.4 g of solid KMnO, in 1L of deio-
nized water). This solution was refluxed for 1 h, filtered and stored in a
dark colored bottle. The KMnO, solution was standardized with pri-
mary standard grade potassium oxalate (0.1 g dissolved in 20 mL of
water with 5 mL of sulfuric acid). Hydrogen peroxide consumption was
followed by taking 0.1 g of crude mixture diluted in 20 mL of water
with 5 mL of sulfuric acid and titrated with KMnO, solution until per-
sistent coloration of the solution. Measurements were performed at
least three times.

2.4.5. Sodium tungstate titration

Sodium tungstate concentrations in reaction media were de-
termined by inductively coupled plasma mass spectrometry (ICP-MS),
according to ISO 17294-1:2005 and ISO 17294-2:2003 and carried out
by Antellis (Toulouse, France). Sample dilution has been done in nitric
acid.

2.4.6. BenzCl C18 titration

Liquid samples were characterized using a HPLC equipped with a UV/
vis detector (ACCELA-Thermo Fisher). Benzyldimethylstearylammonium
(CAS number : 206752-43-4) was separated from other products on a
Phenomenex Gemini C18 column (100.0mm X 2.0mm, particle size
3um) with a Phenomenex Securityguard Gemini C18 precolumn
(4.0mm X 2.0 mm, particle size 5um) (Torrence, Ca, USA). The mobile
phase consists of a mixture of methanol-aqueous potassium phosphate
(pH 3.0; 7.5 mM) (80:20, v/v). The flow rate of the mobile phase was kept
at 200.0 pl/min. The column temperature was maintained at 50 °C and the
optimum wavelength was monitored at a value of 210 nm. The injection
volume was 5 pl for the assay determination. The mobile phase was used
as diluent for both standards and samples preparation [40].

3. Results and discussion
3.1. Reaction kinetics

Reagents consumption and product formation has been followed
with the described analytical method and results are presented in Fig. 2
(molar ratios) and Fig. 3 (concentration profiles). Fig. 2 s hows that
cyclohexene is almost all consumed in 2h whereas hydrogen peroxide
content continuously decreases during the 8 h of the experiment. In the
meanwhile, adipic acid is continuously formed, even after the total
cyclohexene consumption. This corroborates the proposed mechanism
which implies the formation of intermediates from cyclohexene, which
further react with H>O to produce adipic acid.

Oxidation of cyclohexene by hydrogen peroxide implies a complex
reaction scheme. Kinetic modeling requires the quantification o fall
oxidation intermediates generated during the transformation. In this
work, we only followed hydrogen peroxide, cyclohexene and adipic
acid concentrations. Nevertheless, a few observations can be made,
according to the observed concentration profiles 3).

First, initial H,O5 consumption rate can be estimated using the in-
itial slope of H,0, concentration curve. It has been estimated to
10.16 mol L™ ' h ™. The same procedure for cyclohexene consumption
leads to a 0.84 mol L™ ' h™! value, which is 12 times lower. The overall
oxidation process requires 4 mol of H,O, for each cyclohexene mole, to
produce adipic acid (Schemel).
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Fig. 2. Time evolution of cyclohexene oxidation. Temperature, 85 °C; reaction
time, 8 h; reaction volume, 0.14 L.
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Fig. 3. Concentrations of cyclohexene, H,O, and adipic acid versus time.
Temperature, 85 °C; reaction time, 8 h; reaction volume, 1.4 L.

We can so conclude that a large part of H,O, is consumed during its
degradation and other oxidation reactions. Finally, it can be remarked
that after 30 min, C¢H;o, and H,O, concentration curves seem to be
almost parallel, which is consistent with the hypothesis of a 1:1 stoi-
chiometric reaction between C¢H;o and H,O, to form epoxide. Then
side reactions using H,O, would rather occur at the very beginning of
the reaction. That’s why the kinetic constant was estimated, based only
on the cyclohexene consumption and assuming that the first step of the
cyclohexene oxidation is:

Assuming a second order kinetic law, order 1 with respect to each
reagent, the kinetic constant k was estimated, based on the molar bal-
ance on cyclohexene, in a batch reactor:

d(CsHip)
— ————~ =k (CgHyp). (H,O
at (CsHyp). (H,0,) o)
Introducing M, the ratio between the initial H,O, concentration and
the initial cyclohexene concentration (Cg¢Hg)o and X, the cyclohexene
conversion rate, Eq. (1) becomes:

d_’: =k (CeHy)p. (1=X)( M= X)

2
Which leads to:
_M {exp[(M=1) k (CsHip)o t] — 1}
{M.exp[(M—1) k (C¢Hyo)o t]} — 1 3

Finally, k value was estimated by minimizing the quadratic differ-
ence between the cyclohexene concentration obtained by simulation
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concentration profile using 2" order kinetic law.

(CeHe)cal and the cyclohexene measured concentration (CgHg)exp- The
initial value of H;O, concentration in Fig. 3 is corresponds to the
amount of hydrogen peroxide introduced initially in the reactor. It can
be assumed that a part of HyO, is consumed during stirring before
adding cyclohexene. It can be due to reactions with reagent impurities
or catalyst: the decomposition of hydrogen peroxide can be catalyzed
with incompatible soluble substances, even at very low levels (a few
ppm). This decomposition occurs with a wide range of pollutants,
particularly metal salts including tungsten. Additionally, a thermal
decomposition at 70 °C, can also explain that the slope of the H,0,
concentration changes dramatically. As the H>O, concentration was not
measured just after cyclohexene introduction, it was decided to use the
first measured concentration at 0.5 h reaction time for k calculations.

The value of k was found to be equal to 0.245L mol " 'h~ !,

Comparison between experimental and simulated cyclohexene
concentration profiles can be seen on Fig. 4. The model overestimates
the cyclohexene consumption before 1.5h reaction time and under-
estimates it after that time.

Considering the behavior of cyclohexene concentration profile,
which seems almost linear, a zero order kinetic model was also at-
tempted. It can be shown on Fig. 5 that modeling is quite better (re-
gression coefficient of 0.98). Then, the cyclohexene consumption rate is
considered constant equal to 0.822mol.L~ 1. h™ 2,

The zero order kinetic law means that the reaction rate is in-
dependent on both cyclohexene and hydrogen peroxide concentrations.
It can be explained by the availability of the reactants in the micelles,
where the reaction takes place. In this case, as long as the reagents are
present in the micelles, the reaction does not depend on the bulk re-
agent concentrations. A zero order kinetics has already been observed
in micro emulsions, for example in the case of enzymatic reactions [41].
Further experiments, varying experimental conditions, have to be fur-
ther carried out to confirm this result.
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Fig. 5. cyclohexene concentration profile and zero order kinetic simulated
concentration profile (linear profile).
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Fig. 6. Process recycling study: adipic acid yield. Reaction operating condi-
tions: temperature, 85 °C; reaction time, 8 h; separation step, Biichner filtration;
reaction volume, 1.4 L.

3.2. Adipic acid yields and mass balance

In this section, the adipic acid yield (number of moles of adipic acid
divided by the initial number of moles of cyclohexene) over five con-
secutive cycles was calculated at the first time (Fig. 6) and then mass bal-
ance was carried out in order to evaluate the loss of catalyst and surfactant
in the liquid waste and to identify the needs for process optimisation.

As shown in Fig. 6, the conversion was increased from the first to
the second cycle and then a decreased was observed (yields values
between 60% and 70%). It is very difficult to establish the reasons for
this behavior but it can be partially attributed to the loss of surfactant
and catalyst in the liquid wastes, thus changing the reaction conditions.
In fact the two Biichner filtration operations used for liquid/solid se-
paration steps were not effective for total adipic acid, catalyst and
surfactant recovery.

The exact quantities of surfactant and catalyst entering each cycle
were calculated by mass balance from the known variables of the
system presented on Fig. 1. Catalyst and surfactant mass evolutions are
presented in Fig. 7. As we can see, 34% of catalyst is lost during the
recycling process (5 cycles) while 90% of surfactant leaves the reaction
medium after the first cycle. This surfactant loss is in accordance with
the adipic acid particle size distribution study published in our previous
study 7. The co-precipitation of surfactant with adipic acid during the
first solid-liquid separation step results in a larger final product particle
size distribution.

Because the two Biichner filtration operations used for liquid/solid
separation were not effective neither for total adipic acid recovery nor
for surfactant recovery, some preliminary studies were carried out by
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Fig. 7. Catalyst and surfactant evolution in function of the cycle numbers.
temperature, 85 °C; reaction time, 8h; Biichner filtration; reaction volume,
1.4L.
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Fig. 8. Process recycling study: adipic acid yield. Reaction operating condi-
tions: temperature, 85 °C; reaction time, 8 h; separation step, ultrafiltration;
reaction volume, 1.4 L.

modifying the filtration step at the lab scale by using ultrafiltration. The
results presented in Fig. 8 show that special attention has to be paid to
the solid/liquid separation step and that using ultrafiltration allows
better adipic acid yields. The crude powder obtained after reaction and
ultrafiltration was analyzed and the adipic acid purity obtained was
90%, 96% and 97% for the 3 successive cycles instead of 77%, 83%,
87% when using Biichner filtration.

4. Conclusion

Adipic acid has been successfully synthetized by oxidation of cy-
clohexene by hydrogen peroxide, in microemulsion. The latter can be
considered as a green solvent since it is mainly composed of water,
hydrogen peroxide. A first attempt of kinetic modelling was done. A
zero order kinetic law seems to correctly represent the cyclohexene
behaviour but this result has to be confirmed. The identification and
quantification of intermediary products are necessary to go further into
this complex reaction modelling. It has been shown that both surfactant
and catalyst can be separated from the medium after conversion of
cyclohexene to adipic acid. Recycling of these two components is cru-
cial to maintain a good yield of adipic acid in the objective of an in-
dustrial process. Using ultrafiltration allows to obtain a product yield of
95%, even after two recycling steps. The purity of the crude product
was also maintained greater than 90% with this separation technique.
Further study will be devoted to the optimisation of the separation step
and the increase of the number of cycles.
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