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Abstract

The separation of organic liquid mixtures is a crucial issue in various industries.
Distillation is one of the traditional methods used for the separation of organic solvent mixtures.
However, distillation has several disadvantages, such as high energy consumption, the need
for complex solutions for the separation of azeotropic and near-boiling mixtures,
as well as relatively low efficiency. The problem of reducing solvent utilization in various |
industries remains challenging, and effective strategies for solvent recycling are highly
desirable.

In the previous decades, membrane separation has played an essential role
as an alternative to the traditional methods. One of the membrane separation methods
used for the separation of organic solvent mixtures (binary or multi-component)
is pervaporation (so-called organic-organic pervaporation). The essential element
of all membrane separation processes is the membrane. Membrane must be characterized
by high selectivity, chemical stability, mechanical resistance, and be thin enough to maximize
transport. Specifically, for organic-organic pervaporation, common problems that are often
encountered include alack of suitable membranes for each pair of separated components
(nonpolar-polar; polar-polar, nopolar-nonpolar; a mixture of isomers) and low stability

of membrane being in contact with organic solvents.
The problem with low membrane efficiency in the organic-organic pervaporation

process can be solved by applying a modification process. The first way to improve membrane
stability the crosslinking process can be implemented. Crosslinking is a technique used
to improve mechanical properties of the membrane without the reduction of separation
properties. On the other hand, to overcome the presented problem of low membrane selectivity
is to generate heterogeneous membranes (so-called Mixed-Matrix Membranes). MMMs
combines the low cost of polymeric membranes and the high separation performance
of nanofillers

The main goal of this PhD thesis is an elaboration of dense membrane based

on poly(dimethylsiloxane) (PDMS) and poly(ether block amide) (Pebax 2533) filled




with various nanofillers (native and hydrophobized aluminum, titanium and zirconium oxides,
ZIF-8, MOF-808-TFA, and MOF-808-PFPA). Nanofillers are characterized by various
properties (porosity, pore size, and specific surface area) determined by adsorption/desorption
of nitrogen. Native and heterogeneous membranes were performed by phase inversion
technique induced by solvent evaporation. Generated membranes were tested in pervaporation
in contact with eter fert-butyl ether/ethanol (ETBE/EtOH), ethyl acetate/ethanol (EtAc/EtOH),
and ethyl acetate/isopropanol (EtAc/IPA).

The novelty of this work was an implementation of Hansen’s Solubility Parameters
for the interpretation of the obtained results from organic-organic pervaporation (estimation
of affinity between membranes and separated mixtures). According to the solution-diffusion
mechanism, both sorption and diffusion influence on the transport in pervaporation. Interaction
during the sorption can be estimated using the distance parameter (4) calculated based
on Hansen’s Solubility Parameters.

The element of novelty was also determination of the influence of water presence
on the separation efficiency of the membranes. That point brought new knowledge and helped
to understand how the traces of water can significantly impact membrane effectiveness.
It should be mentioned that every organic solvent contains a certain amount of water
(from a few ppm to even a few wt%). Usually, in the scientific papers the presence of water
is ignored. However, the presence of water is a crucial element that requires in-depth research.
The presence of water in separated organic-organic mixtures could affect the efficiency
of the pervaporation and in practice could lead to increased corrosion.

In the first part of this PhD thesis commercial hydrophilic (Pervap™2216
and DuraMem™?150) and hydrophobic (Pervap™1060) membranes were applied
for the separation of acetone/butanol (AcO/BuOH), acetone/ethanol (AcO/EtOH),
and ethanol/butanol (EtOH/BuOH). The smaller the value of 4, the stronger the affinity
between the polymer and solvent. Analyzing the distance parameter, it was noticed
that Pervap™1060 membrane possessed the highest affinity toward acetone,
while the Pervap™2216 for ethanol. In the case of mixtures, it was found that hydrophobic
membrane is more suitable for the separation of mixtures containing a low amount of acetone
or ethanol, while in the case of mixtures containing a high amount of acetone or ethanol
the bestoption is a hydrophilic membrane. Results showed that pervaporation
could be an effective method for the separation of organic-organic mixtures. It was found
that independently of the membrane character (hydrophilic or hydrophobic), the same organic

component was always preferentially transported from a given binary mixture: AcO



from AcQ/EtOH and AcO/BuOH mixtures, while EtAc from EtAc/BuOH mixtures. Moreover,
pervaporation experiments confirm that transport of acetone is independent of the transport
of second component (ethanol or butanol), there are no couplings between transported
components.

The effect of crosslinking time on the separation efficiency of Pebax 2533 based
membranes was also determined. The crosslinking of Pebax 2533 based membranes results
in the reaction between the carbonyl group of the crosslinker (TDI) and the hydroxyl group
of the polyether segments. FTIR analysis proved the presence of the urethane bonds created
after the crosslinking reaction. The separation efficiency of crosslinked Pebax 2533 based
membranes was determined in the separation of ethyl acetate/ethanol mixtures. Pervaporation
results showed that the longer crosslinking time caused the reduction of the transport properties
while the separation ability of the membrane is improved. The best efficiency
was found for the Pebax 2533 membrane crosslinked within 1h.

In the next stage of this PhD thesis, the influence of the incorporation of nanofillers
(pristine and hydrophobized metal oxides, ZIF-8, MOF-808-TFA, and MOF-808-PFPA)
on the membrane efficiency in the separation of ether ters-butyl ether/ethanol, ethyl
acetate/ethanol, and ethyl acetate/isopropanol have been study. The obtained results
for fabricated-made membranes were compared with the separation ability of the commercial
Pervap™4060 and PEBAX membranes. Membrane morphology and physicochemical
properties of native and heterogeneous membranes were investigated using the available
analytical technique. Analysis of the calculated distance parameter showed that membranes
possess the highest and lowest affinity toward ethyl acetate and ethanol, respectively.
Moreover, it was also found that affinity between the membranes and separated mixtures

increased with an increasing content of ethyl acetate in given mixtures. The contact angle (CA)

of water and calculated surface free energy (SFE) showed that incorporation of nanofillers
increases the hydrophobic character of the membranes. Increase of value of C4 and reduction
of polar part of SFE were observed. Additionally, it was also noticed that modification
of membrane influence on the thermal stability and surface roughness of the heterogeneous
membranes. Membranes selectively transported ETBE from ETBE/EtOH mixtures and EtAc
from EtAc/EtOH and EtAc/IPA mixtures. Pervaporation results showed that heterogeneous
membrane possessed better separation ability compared with the native PDMS and Pebax 2533
ones. Among the PDMS based membranes, the best efficiency demonstrated

PDMS/MOF-808-TFA (10 wt%). The separation factor of PDMS/MOF-808-TFA (10 wt%)
was 1.3 times higherthan this for the native PDMS membrane. In the case of the Pebax 2533




membrane, the highest separation factor was found for the Pebax 2533/TDI/ZIF-8 (10 %mas)
during th separation of EtAc/EtOH. It can be stated out that the modification of membranes
by the incorporation of nanofillers increases both separation and transport properties.
Moreover, laboratory-made membranes (pristine and heterogeneous) are characterized
by a higher separation factor compared with the commercial Pervap™4060 and PEBAX ones.

It should be noted that organic solvents always contain trace amounts of water.
The presence of water in organic solvents can lead to phase separation. For a better
understanding of this problem, the enrichment factor was calculated (EFwater).
In the case of separation of AcO/BuOH, AcO/EtAc, and EtOH/BuOH, the smallest value
of EFyaer was noticed for the Pervap™4060 and the highest for DuraMem™150 one. Obtained
results indicated that the membrane’s character influences on the water content in the permeate.
The similar remark was pointed for native and heterogeneous membranes. The higher value
of the enrichment factor of water was noticed during the pervaporation with Pebax 2533 based
membranes. Moreover, it was also detected that the type of separated mixtures and character of
nanofiller influence the water content in the permeate. In the case of PDMS, membranes
demonstrated the lowest EF\qer during the separation of ETBE/EtOH, while Pebax 2533 based
the contact with EtAc/EtOH. Taking into account the nanofillers, itwas noticed
that the incorporation of hydrophilic metal oxides increased the value of the enrichment factor
of water. In the case of the membrane modified by the hydrophobic nanofiller (ZIF-8,
MOF-808-TFA, and MOF-808-PFPA) reduction of EFyaer was noticed. It can be stated
out, that the water content in permeates depend on the character of the membrane,

type of separated mixtures as well as the nature of nanofillers.
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Streszczenie

Separacja mieszanin ciektych, powstajacych jako finalny lub uboczny produkt syntezy
jest kluczowym zagadnieniem w réznych gateziach przemystu. Jedna z klasycznych technik
stosowanych do rozdzielania mieszanin ciektych jest destylacja, ktéra mimo i szerokiego
stosowania posiada kilka wad, takich jak wysokie zuzycie energii, konieczno$¢ stosowania
skomplikowanych rozwigzah w przypadku rozdzialu mieszanin azeotropowych |
i bliskowrzacych, a takze stosunkowo niska wydajno$¢. W obliczu istniejacego kryzysu
klimatycznego (niedobdr wody, kryzys energetyczny i postgpujace zmiany klimatu) niezbedne
jest ograniczenie zapotrzebowania na energie, a takze odzyskiwanie i recykling cennych
Surowcow,

W ostatnich latach na znaczeniu zyskaly membranowe techniki rozdzielcze,
jako alternatywa dla tradycyjnych metod separacji. Jedng z metod stosowanych do rozdziatu
cieklych  organicznych  mieszanin  dwuskladnikowych  lub  wielosktadnikowych
jest perwaporacja (tzw. perwaporacja organiczno-organiczna). Kluczowym elementem
kazdego procesu membranowego jest membrana. Idealna membrana powinna charakteryzowac
sie wysokg zdolnoscig rozdzielcza, stabilnoscig chemiczng i mechaniczng i by¢ dostatecznie
cienka by umozliwia¢é maksymalny transport skladnikéw. W procesie perwaporacji

organiczno-organicznej bardzo czesto pojawia sie problem niskiej selektywnosécii ograniczonej

stabilnodei  matorialu membranowego w kontakeic =z rompuszczalnikami organicznymi.
Dodatkowo istnieje konieczno§é doboru unikalnych membran praktycznie dla kazdej grupy
rozdzielanych sktadnikéw (niepolarne-polarne; polarne-polarne; niepolarne-niepolarne;
mieszaniny izomeréw).

Problem 2z niskg efektywnoscia membran W  procesie  perwaporacji
organiczno-organicznej moze zosta¢ rozwigzany poprzez zastosowanie ich modyfikacji.
Pierwszym sposobem poprawiajagcym stabilnosci membran jest wykorzystanie procesu
sieciowania materialu membranowego. Sieciowanie jest technikg stosowana w celu
polepszenia wlasciwosci mechanicznych bez pogorszenia separacji. Poprawe odpornosci

membrany na szkodliwe dzialania rozpuszczalnikéw organicznych mozna réwniez uzyska¢
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Praca zostala podzielona na kilka ectapéw. W pierwszej kolejnosci okreslono
efektywno$é komercyjnych membran o charakterze hydrofilowym (Pervap™2216
i DuraMem™150) i hydrofobowym (Pervap™4060) w rozdzielaniu mieszanin aceton/butanol
(AcO/BuOH), aceton/etanol (AcO/EtOH) i etanol/butanol (EtOH/BuOH). Analizujgc
wyznaczone parametry odlegtosci dla czystych rozpuszczalnikéw, odnotowano, ze membrana
Pervap™4060 wykazuje najwicksze powinowactwo do acetonu, podczas gdy membrana
Pervap™2216 - do etanolu. W przypadku mieszanin, stwierdzono, ze dla ukltadéw o malej
zawartosci acetonu lub etanolu, bardziej skuteczna powinna by¢ membrana hydrofobowa.
Natomiast dla mieszanin o wysokiej zawartosci etanolu lub acetonu bardziej odpowiednia jest
membrana hydrofilowa. Wyniki perwaporacji wykazaly, ze bez wzgledu na charakter
membrany (hydrofilowy Iub hydrofobowy) ten sam skladnik organiczny byl zawsze
preferencyjnie transportowany z danej mieszaniny dwuskladnikowej: AcO z mieszanin
AcO/BuOH i AcO/EtOH, natomiast EtOH z mieszanin EtOH/BuOH. Odnotowano réwniez,
podobng warto$§¢ strumienia acetonu podczas rozdzialu mieszanin aceton/butanol
i aceton/etanol, co potwierdza, ze transport acetonu przez membrany jest niezalezny
od transportu drugiego sktadnika mieszaniny (etanolu lub butanolu).

Nastepnie okreslono wplyw czasu sieciowania na wiaéciwosci separacyjne membran
opartych na Pebax 2533. Sieciowanie tych membran zachodzi w wyniki reakcji pomiedzy grupa
karbonylowa $rodka sieciujacego (TDI) a koficowa grupg hydroksylowa segmentéw
poli(eterowych). Analiza FTIR wykazala obecno$¢ wigzan uretanowych powstajacych
w wyniku reakcji sieciowania. Whasciwosci separacyjne uformowanych membran okre§lono
w perwaporacji podczas rozdzielania mieszaniny octan etylu/etanol. Wyniki wykazaty, ze
wydluzenie czasu sieciowania powoduje obnizenie wartosci strumienia permeatu

przy jednoczesnej poprawie zdolnosci separacyinych membran.

Kolejny etap niniejszej pracy doktorskiej dotyczyl formowania i modyfikacji membran |
polimerowych opartych na PDMS 1 Pebax 2533 oraz okreslenia wplywu wprowadzenia
nanonapelniaczy do matrycy polimerowej na efektywno$é rozdzialu mieszanin eter
tert-butylowo etylowy/etanol, octan etylu/etanol i octan etylu/izopropanol. Uzyskane wyniki
poréwnano z wilasciwosciami komercyjnych membran Pervap™4060 i PEBAX. Dokonano
rébwniez charakterystyki wilasciwosci fizykochemicznych 1iréwnowagowych. Analiza
obliczonych parametréw odleglosci wykazala, w przypadku separowanych mieszanin, wraz
ze wzrostem zawartosci octanu etylu lub eteru tert-butylowo etylowego w mieszaninie wzrasta
powinowactwo pomiedzy separowang mieszaning a membrang. Analiza wynikow kata

zwilzania i obliczonej swobodnej energii powierzchniowej wykazala, ze wprowadzenie
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zastosowanej membrany, rodzaj separowanej mieszaniny, a takze charakter uzytych

nanonapetniaczy.
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