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Abstract

Mixed matrix membranes of cellulose acetate (CA) and Silica (CA/SiO2) were synthetized
by coupling the wet phase inversion technique and the sol-gel method. Other set of CA based
membranes were synthesized by direct mixing of the Metal Organic Framework (MOF) - UiO66 -
in the casting solution of the CA and CA/SiO; membranes (CA_UiO66 and CA/SiO,_UiO66). CA
and CA/SiO2 membranes were subjected to a pos-treatment with solutions of glycerol (20%) (G20)

or glycerol (20%) and triton-X-100 (4%) (GT).

The physical and chemical properties of the membranes were investigated by Differential
Scanning Calorimetry (DSC) and Dielectric Relaxation Spectroscopy (DRS). The former allowed
determining parameters such as the crystallinity degree and the glass transition temperature (Tg).
On the other hand, DRS was used to analyze the molecular dynamics of each CA based
membranes in the sub-Tg temperature region. The different relaxation processes detected were

interpreted considering the interactions of membranes with water, glycerol, and triton-X-100.

The membranes selective performance was correlated with the characterization
parameters: hydraulic permeabilities, Molecular Weight Cut-Off (MWCO), and apparent rejection
coefficients to NaCl, Na;SO4, urea, and P-Cresyl sulphate (PCs) and P-Cresyl sulphate with Bovine
Serum Albumin (BSA).



Resumo

Membranas hibridas assimétricas de acetato de celulose (CA) e silica (CA/SiOz) foram
sintetizadas por acoplamento entre a técnica de inversdao de fase humida e o método sol-gel.
Outro conjunto de membranas foi sintetizado por mistura direta de uma estrutura metal-organica

Ui066, nas solugdes percussoras das membranas CA/SiO,.

As membranas CA e CA/SiO; foram submetidas a pds-tratamento com as seguintes
solucdes aquosas de glicerol (20%) (G20) e com tritdo-X-100(4%) e com glicerol (20%) (GT). Apds
a sintese das membranas, as propriedades fisico-quimicas das membranas foram investigadas por
Calorimetria Diferencial de Varrimento (DSC) e Espectroscopia de relaxamento dielétrico (DRS). A
técnica da DSC permitiu determinar parametros como o grau de cristalinidade e a temperatura
de transigdo vitrea (Tg). Por outro lado, a técnica de DRS foi utilizada para analisar a dinamica
molecular de cada uma das membranas baseadas em CA na regidao de temperatura acima da Tg.
Os diferentes processos de relaxamento detetados foram interpretados considerando as

interagGes da matriz CA e CA/SiO2 com agua, glicerol e tritdo-X-100.

A permeacdo seletiva foi correlacionada com parametros de caracterizacdo das
membranas: permeabilidades hidraulicas, cut-off molecular e coeficientes de rejeicdo aparente

para NaCl, NaxS04, ureia, sulfato de p-cresilo e sulfato de p-cresilo e Albumina.
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1.Introduction

Chronic kidney disease (CKD) has been one of the biggest concerns in the medical world in
recent years and is expected to rise over the next decades [1]. This disease affects 11-13% of the

population worldwide [2].

This disease is related to the accumulation of uremic toxics that can lead to end stage
renal disease (ESRD). Patients that reach the ESRD-stage, may be subjected to a renal replacement
therapy (Hemodialysis) or transplantation. Transplantation depends on finding compatible
healthy kidney donors and the procedure may put the patient under various risks. Hemodialysis
(HD) has been the most viable route for this type of disease. Hemodialysis is the renal
replacement therapy where blood purification is employed to take out metabolic leftovers that
accumulate in the blood of patients with ESRD. Semi-permeable membranes are arranged in a
compact fashion known as membrane module it provides the setup of channels for the counter-
current flows of blood and dialysate fluids (Figure 1). A membrane is the core component of the

HD machine, for the extracorporeal treatment [1,3].

Toxin elimination from blood can reduce problems and increase survival time in dialysis
patients. However, Protein-Bound Uremic Toxins (PBUTs) are difficult to eliminate during
conventional hemodialysis (HD) since they bind preferentially to proteins. Protein-bound uremic
toxins clearances would be improved if there are binding sites competitive to the ones of the

plasma proteins [4].

According to European Uremic Toxin work group (EUTox), the uremic toxins can be
classified and described in terms of molecular weight and relative affinity for protein (Table

1)[5,6].



Table 1- Different classes of uremic toxins, as proposed by the European Uremic Toxin work group
(EUTox). adapted from [5,6].

Class of molecules Mw range Percentage of Prototype MWoprototype
identified
molecules (%)
Small water- <500 Da 46 Urea 60 Da
soluble
compounds
Protein-bound And >66500 26 Indoxyl sulfate, 213 Da
uremic toxins when bound to P_Cresyl sulfate 108 Da
albumin
Middle molecules >= 500 Da 28 B2_microglobulin 11 818 Da

The membrane used in hemodialysis is critical to its success. A membrane is defined as a

permselective barrier, or interphase, that forms the boundary between two separate gaseous or

liguid mixes where mass exchanges of solute and solvent molecules occur at different rates due

to a driving force.

Biocompatibility, good balance in water and solute permeability, sufficient mechanical

strength at varied trans-membrane pressures, sterilizing capabilities, and low cost are all

characteristics for a high-performance membrane (HPM) [3,7].

Blood thinner
added to blood Dialysis fluid
Dialysis fluid
waste
Blood pump |

Dialyser (artificial kidney) l

i

Blood from arm

(arterial side) s e N

Blood back to arm
(venous side)

Bubble trap

Figure 1- Representation of the extracorporeal blood circuit in hemodialysis (adapted from 8]).



1.1 Separation processes with membranes

Membranes permeate selectively, thus different solute species are permeated and able to

pass the interphase while others are kept due to their structure or size [9].

Membrane separation is often accomplished at room temperature, allowing sensitive

solutions to be treated without having their chemical structure altered or harmed [10,11].

The most common membrane separation processes are those where the driving force of
transport is the difference hydrostatic pressure stablished between feed and the permeate
channel. Pressure-driven membrane processes include tangential Microfiltration (MF),

Ultrafiltration (UF), Nanofiltration (NF), and Reverse Osmosis (RO) [12].

Membranes separation processes can operate in crossflow mode, and dead-end mode. In
crossflow mode the fluid circulates tangentially to the membrane surface, and dead-end, the feed
circulates perpendicular to the membrane [9,10]. Crossflow filtration is employed to reduce
concentration polarization, which is a precursor to membrane fouling. This is especially important
for large-scale water treatment. The dead-end type is frequently utilized in microfiltration for the
retention of suspended particles and cake formation [13,14] (Figure 2). Due to orientation of the

feed flow, the crossflow type is less prone to fouling than dead-end filtration [15,16].
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Figure 2- Representation of Dead end and cross flow filtration [17].

This project is focused on Ultrafiltration using crossflow filtration with pressure as a driving
force.
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Figure 3- Schematic representation of Separation process by membrane [18].

In this separation process (Erro! A origem da referéncia nao foi encontrada.) the feed
tangentially circulates at the membrane and due to the transmembrane pressure difference
provided, the feed current separates into two: permeate current that crosses the membrane and

concentrate/retentate current that contains the fraction of solution rejected by the membrane.

1.2 Membrane structure and preparation

The structure of the membranes depends on the preparation procedure. to facilitate the
attainment of its objective [19]. In Figure 4, depicts the many matrials, architeres ,and

configurations considered while creating membranes.

Biological Synthetic
Cell membrane Oroanic i | \
(p"g‘;mm)....u» Hybrid <=~ Inorganic
Glassy Rubbery Ceramics Glass Metals Zeolites
b i
Symmetric Asymmetric
3l N / %G ’
Homogeneous Cylindrical Sponge like  Integral asymmetric ~ Composite
film pores porous \ N\

Porous skin Homogeneous Homogeneous
layer skin layer skin layer

[ Membrane configuration ]

e ) \

Flat sheet Spiral wound Tubular  Capillary Hollow fiber

Figure 4- Classification of membranes based on materials of construction, structural attributes, and
configuration [19].



Membrane structures are divided into two types: symmetric and asymmetric membranes.
The symmetric membrane (usually used in Microfiltration) has a consistent cross-section
structure that might be microporous or dense along all their thickness [19] (Figure 5). Regarding
asymmetric membranes, they have layer supported by porous. Asymmetric membranes (Figure
6)are used in Nanofiltration, Ultrafiltration, Reverse osmosis, and gas separation processes.
Moreover, the asymmetric membranes have two subgroups: Integral Asymmetric and thin-film
composite membrane (Figure 7). In the Integral asymmetric the dense layer and the porous
sublayer use the same material, while Composite asymmetric membranes are the result of a
dense selective layer being deposited upon a porous substrate made of a different polymeric

substance [19, 20].

Figure 6- Scheme and cross-section diagram of an asymmetric membrane [20].



Integrally skinned Thin-film composite

Figure 7- Cross-section representation of integrally skinned (integrally asymmetric) and Thin-film
composite membranes [21].

1.2.1 Wet-Phase inversion method

Cellulose acetate (CA) membranes were development in 1960s by Loeb and Sourirajan
[22] for desalination of seawater in order to obtain membranes appropriate for industrial
applications due to their chemical and mechanical strength and high permeability. These
membranes are synthesized by the method of phase inversion, which gives them an asymmetric
structure.

Phase inversion is a method based on converting a polymer from a liquid to a solid. This
method was created using Loeb and Sourirejan method by combining polymer, solvent, and
nonsolvent [22]. This method is used to produce a skinned asymmetric membrane like the

membranes used in this work.

As mentioned before, these membranes have two layers: top skin layer and a porous
sublayer. The top layer controls the membrane's selective permeability capabilities, whereas the

porous sublayer just provides mechanical support.

An appropriate solvent is used to dissolve the polymer. The polymer solution that results
is cast on an appropriate substrate and immersed in a coagulation bath containing a nonsolvent

(often water).

A ternary phase diagram can be used to explain how this method works with polymer,

solvent, and non-solvent system (Figure 8) [23,24]. The path from A to D represents the whole



phase inversion process of a polymeric solution. The solvent diffuses out of the polymeric solution
after immersion in a nonsolvent coagulation bath, while the nonsolvent diffuses into the solution.
The polymer concentration at the contact rises, and precipitation begins (as illustrated by point
B-precipitation). The solidification of the polymer-rich phase (point C) would arise from the

replacement of solvent with nonsolvent.

Thus, solvent/nonsolvent exchange would cause the polymer-rich phase to shrink,
eventually leading to point D, where two phases (solid and liquid) are in equilibrium. Point S
represents the solid (polymer-rich) phase that forms the membrane structure, and point L
represents the liquid (polymer-poor) phase that comprises the membrane holes filled with

nonsolvent [24].
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Figure 8- Schematic ternary phase diagram for polymer/solvent/nonsolvent systems [23,24]

1.2.2. Phase inversion coupled with Sol-gel method.

The sol-gel approach is a versatile strategy for producing functional inorganic and hybrid

materials that allows for greater control over the organization and composition of the material.

Aqueous solutions and silicon alkoxides, commonly tetraethyl orthosilicate (TEOS) are the

common precursors utilized in the approach of Sol-gel technique, which result in a polymer/silica



matrix following hydrolysis/condensation, with good thermal stability, hydrophilicity, and

flexibility [25,26].

Since the silicon alkoxides are not sensitive to hydrolysis an acid or a base catalyst must
be added to boost the rates of hydrolysis and condensation. Thus, there are 3 reactions that
represent the hydrolysis and condensation of silicon alkoxides in t sol-gel technique. First, the
hydrolysis happens and allows substitution of alkoxide groups with hydroxyl groups (Equation 1)
Further condensation operations involving silanol groups produce siloxane bonds, and the

byproducts are alcohols (Equation 2) or water (Equation 3)[27].

=Si—-0OR+ H,0 &»=Si—0H+ ROH Equation 1

=Si—0OR+O0OR-Si= e =S85i—0—-S5i=+ROH Equation 2

=Si—0OR+HO-Si= o =S5i—0-Si=+H,0 Equation 3

2.Literature review

2.1. Mixed Matrix Membranes (MMMs)
The synthesis of Mixed Matrix Membranes (MMMs) is made by incorporating in a

polymeric matrix an organic/inorganic particle [28]. The incorporation of these filler particles into
the polymeric matrix combines the high permeability and separation efficiency of sieving
materials like zeolites, MOFs, or other nanoparticles with the processing capabilities and
mechanical properties of glassy polymers [29,30]. Nonetheless, it is vital to verify that the
materials used as filler particles are compatible with the polymeric matrix so that particle clusters
do not develop in the matrix and there are no flaws at the polymer-particle interface due to poor
adherence of these particles to the matrix .Thus, optimizing MMMs entails homogeneous
dispersion of filler material particles, which reduces incompatibility between them and the

polymeric matrix [31,32].



MMMs have been used in healthcare applications such as for the removal of uremic toxins
attached to proteins in HD or to remove urea from wasted dialysis fluid, and in MMMs in water

treatment MOFs are used as filler particles [33,34]

2.2. Removal of Protein-Bound Uremic Toxin (PBUT) from Human Serum Albumin

These are a heterogeneous group of organic compounds with intrinsic biological activities,
many of which are too large to be filtered and/or are protein bound. The renal excretion of
protein-bound toxins depends largely on active tubular secretion, which shifts the binding and

allows for active secretion of the free fraction.

The uremic toxins, including, indoxyl sulfate p-cresyl sulfate, and hippuric acid (PTUBs)
primarily bind to the human serum albumin (HSA) in human blood[35] and they have an aromatic
moiety and an ionic functional group, allowing electrostatic and/or van der Waals forces to attach
to numerous adsorption sites on HAS [36].So these interactions prevent the efficient removal of

PBUTs through conventional extracorporeal renal replacement therapies, such as a hemodialysis.

In general, protein-bound uremic toxins (PBUTs) have MWs smaller than 500 Da but are
difficult to remove through most dialytic procedures because of their high plasma protein
binding, especially to human serum albumin (HSA; MW 65.5 kDa). PBUTs circulate in the
bloodstream in the form of bound and unbound, or free, fractions. The concentration of bound

toxins is variable and depends on the binding affinity to plasma proteins, such as HSA.

The binding of uremic solutes to albumin involves both an equilibrium and a kinetic aspect
in terms of reaction composition and rate equation [37,38]. The total concentration of the uremic

solute can be calculated by adding the bound and free fractions, as described in Equation 4.

Where, [US]: is the total concentration of uremic solute, [US]y is the concentration of
bound fraction, and [US]sis the concentration of free fraction of uremic solute. The free fraction

of the solute (f) can be calculated by using the following ratio according to the Equation 5.

[US]p = [US:] — [US]f Equation 4



[US]f Equation 5

The amount of free and bounded proportion depends on the affinity of toxins to the
protein plasma. Mostly, there is a chemical equilibrium between the unbound and bound
(including non-covalent binding). In most cases, protein binding is reversible, since both the toxin
and the protein are involved in non-covalent bonds, such as electrostatic or hydrophobic

interactions, dipole and van der Waals forces, and hydrogen bonds.

Generally, protein Human Serum Albumin has six binding sites of ligand association to
albumin in normal ligand/albumin concentrations (Figure 9). Sudlow | and Il are the most common

binding sites regarding to protein binding of uremic toxins.

Indoxyl sulfate, p-cresyl sulfate, indole-3 acetic acid, and hippuric acid competitively share
the same binding site, Sudlow’s site Il [39, 40] and 3-carboxy-4-methyl-5-propyl-2-furanpropanoic
acid (CMPF) binds covalently to site | , the percentage of binding corresponding to each PBUTS is

represented on Table 2 [5,40].

i

Sudlow 11 Sudlow I

Domain IT

Figure 9-Binding sites of Human Serum Albumin [41]
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Table 2- Percentage of binding (%) and high affinity site for each PBUTs adapted from [5,42].

PBUT's Protein Binding (%) | High affinity Binding site
P-cresyl sulfate 91-95 Site Il
Indoxyl Sulfate 86-98 Site Il
CMFT >99 Site |
Indole 3-acetic acid 86-94 Site Il
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Figure 10- Pathway for production and clearance of protein-bound indoxyl sulfate (IS), p-cresyl sulphate
(PCs), p-cresyl glucuronide (pCG) and hippuric acid (HA) toxins from the body. These PBUTs are excreted
by active tubular secretion from the proximal tubular epithelial cells. As is clear, the problem is associated
with the delimited parts of toxins that bind to the HSA and create a larger part that is difficult to remove.
However, unbound parts can be excreted from the body [5].

2.3. Metal-organic frameworks (MOF) for the Removal of Protein-Bound
Uremic Toxin from Human Serum Albumin

Metal-organic frameworks (MOFs) are porous crystalline polymeric structures formed by
the coordination of metal ions, or clusters, with organic bridging ligands [43], to form 1D, 2D and

3D structures with regular and tunable pore structure, high thermal and mechanical stability.

Most MOFs are produced as fine powders, which are challenging to recycle in the industrial
field. As a result of its properties, researchers began to focus on the synthesis and application of

MOF membranes in the 2000s.
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Ui066 is an archetypal metal-organic framework (MOF) with very high surface area as well as
high thermal stability. UiO66 has garnered scientific appeal because to this, as well as its
outstanding tunability and functionality, which is partly attributable to defect control of both
missing cluster and missing-linker flaws. The combination of these properties results in a very

versatile material that may be tailored to a wide range of applications.

Ui066 is a crystal containing metal nodes composed of a zirconium oxide complex bridged by
terepthalic acid ligands. Terepthalic acid is 1, 4-BenzeneDicarboxylic acid (BDC). A representation

of this structure is shown in figure below:
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Figure 11- UiO66 structure, where: A- the face-centred cubic structure is composed of the metal node(blue)
and ligand (grey) with atomic representation of the node and 12 connected BDC linkers. B-The node and
ligand structure which compose the 12 A°UiO66 cage. C-the node and ligand structure which composite
the 7.6 A° cage. D-The color scheme for the atomic representation [44].

The apparent thermodynamic stability of UiO66 provided by the strong Zr-O bond has sparked
interest; in fact, it has been discovered that the ligand's carbon-carbon bonds break down before

the coordination link [45].

In addition, UiO66 has shown exceptional mechanical, thermal, acidic, aqueous, and water
vapor stability. In terms of benchmark performance, the zirconium oxide node has demonstrated
remarkable catalytic properties, and the overall stability and porosity of UiO66 has allowed it to

function in aqueous applications such as pervaporation and dye adsorption.

Understanding the interactions between an adsorbent and the uremic toxins is critical for

designing effective materials to remove these toxic compounds [45,46].
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3.Framework and Thesis Objective

In the current study, the integration of UiO66 in pure CA and hybrid CA/SiO2 membranes was

investigated with the goal of enhancing the removal efficiency of p-cresyl sulphate (PCs). The

Ui0O66 MOF was chosen because of its adsorption capabilities relative to PCs and other uremic

toxins that had previously been studied under hemodialysis conditions and yielded favorable

results.

The main objectives of this thesis are:

1.
2.
3.

Synthesized CA, CA/SiO; membranes coupling wet phase inversion and sol-gel technique.
Synthesized MMMs: CA/Ui066 and CA/SiO»/Ui066;

Pos-treat CA and CA/SiO, with solutions of: Glycerol (20%) and another solution of
tritonX-100 and pure glycerol;

Study the membrane selective properties regarding: the hydraulic permeability of pure
water, Molecular weight cut-off, apparent rejections to mono and divalent salts, and
regarding uremic toxins;

Study the physical-chemical properties of the membranes synthesized by DSC and DRS

measurements.

4. Materials and Experimental Methods

4.1 Materials

Membranes were synthesized with cellulose acetate (CA, C¢H702(0OH)s, 30 000 g/mol) with

degree of acetylation of 39.8% from Sigma-Aldrich, formamide (CH3NO, 45.02 g/mol, Panreac),

pure acetone (CsHgO, 58.08 g/mol, > 99.7%, José M. dos Santos, LDA), tetraethyl orthosilicate

(TEOS) ,Si(OCzHs)4 (208.33 g/mol, reagent grade 98%, Alfa Aesar), nitric acid (HNOs, 63.01 g/mol,
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65% v/v, Chem-Lab) and Ui066 (Zrs04(OH)(CeHaC204)6, 1664.1 g/mol, synthesized in laboratory
[47]).

Molecular weight cut-off (MWCO) was studied using polyethylene glycol (PEG) 3000 (2000
g/mol, Merck), PEG 6000 (6000 g/mol, Merck), PEG 10000 (10000 g/mol, Merck), PEG 20000
(20000 g/mol, Merck), PEG 35000 (35000 g/mol, Merck), PEG 40000 (40000 g/mol, Merck).

Permeation experiments were carried out with sodium chloride (NaCl, 58.44 g/mol,
Panreac), urea (CO(NH2),), 60.06 g/mol, Merck), potassium p-cresyl sulphate (PCs, C;H7KOa4S,
226.29 g/mol, synthesized by Professor Jodo Paulo Telo [48]), bovine serum albumin (BSA, ~66500

g/mol, SigmaAldrich).

The reagents employed in the surface-active agent conditioning treatment were: Triton X-
100 [C14H220(C2H40) nn=9] (Mw=647 g/mol) from VWR and Glycerol [C3HgO3] (Mw=90.09 g/mol)

supplied by PanReac.

4.2 Membrane Synthesis

Casting solutions of CA, CA/SiO,, CA/UiO66, and CA/SiO,/Ui0O66 membranes were
synthesized by combining the processes of wet phase inversion, sol-gel, and direct MOF
dispersing while maintaining a constant composition of SiO; and UiO66. The direct MOF blending
approach was used to incorporate UiO66 in the membranes [49]. A polymer solution, or casting
solution, containing cellulose acetate (CA, polymer), acetone (stronger/good solvent), and

formamide (weaker solvent), is required for the phase inversion process.

Following the sol-gel process, the SiO; alkoxide sol-gel precursor, TEOS, was added and
hydrolyzed by adding water and nitric acid to the casting [50]. The MOF UiO66 was directly added

to the CA and CA/SiO; casting solutions.

When sol-gel hydrolysis and condensation occur under acid catalysis, the condensation

rate at pH~3 (above the SiO; isoelectric point, IEP) is proportional to the concentration of
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hydroxide groups, [OH], allowing the following chemical reactions [50,51] given sequentially by

equations:
fast .
= Si— OH + OH™ “5= 5i — 0~ + H,0 Equation 6
l .
=Si— 0" +HO —Si —5=Si—0—Si = +OH" Equation 7
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Figure 12- Structure of cellulose acetate and sol-gel silica precursor: TEQS, respectively.

Nucleophilic attack allows the creation of linear or highly branched polymeric species with
a continuous three-dimensional fractal structure and nanopore sizes less than 2 nm at pH values

less than 3 [50].
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First, in alkoxide-based systems, Si-OR groups undergo hydrolysis to generate Si-OH groups
(Equation 6), which are essential for condensation [50,51]. A homo-condensation reaction
between silanol groups from the inorganic phase is possible (Equation 7). It is also envisaged that
nucleophilic substitution will occur between Si-OH groups from the inorganic phase and C OH or
COOH groups from the polymer (CA) phase, resulting in the formation of Si-O-C bonds [50]
(Equation 8).

To make a thin polymeric film, the homogenized casting solution is applied to a suitable
surface, such as a glass plate, while the solvent evaporation time is carefully controlled, and then
the film precipitates in a deionized water coagulation bath. During the solvent evaporation time,
acetone evaporates off the film surface that is in contact with the air. Because of evaporation, the
amount of polymer at the surface in contact with the air increases during the solvent evaporation
period, and the residual solvent in the film is insufficient to keep the polymer in solution. As a
result, at that point, a skinned layer known as the active layer is produced. When the film formed
on top of the glass plate is immersed in the coagulation bath, water and solvent diffusion occur
in opposite directions, resulting in a porous structure. As a result, an asymmetric membrane is
created, with a denser layer exposed to air on one surface and a porous sublayer in direct contact

with the glass plate on the other.

The compositions of the casting solutions used to create CA, CA/SiO,, CA_UiO66 and
CA/SiO,_UiO66 membranes are shown in Table 3. The contents of silica precursor (TEOS) and

UiO66 were 5% and 1%, respectively, where the water used was deionized water.

Table 3-Casting solutions compositions (w/w %)

CA CA/SiO; CA_UiO66 CA/SiO,_Ui066
CA 17 16.4 16.8 16.2
Formamide 22 21.3 21.8 21
Acetone 61 58.84 60.4 58.3
H20 - 0.5 - 0.5
TEOS(SiO2percursor) - 3 -
Uio66 - 1 1 1
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‘ HNO; ‘ - ‘4drops(pH“2)‘ - ‘ 4 drops (pH~2) ‘

The casting solutions were prepared adding reagents by the following order: Cellulose
acetate, formamide, acetone, TEOS, deionized water, and, finally, 4 drops of nitric acid are added

to the mixture until get pH~2.

After that, the plastic flask is quickly covered and sealed with polypropylene tape (brown
tape) and the flask was shaking vigorously until no polymer clumps are visible results in a
preliminary homogeneity of the solution. After that, the solution is homogenized in a mechanical
wrist action shaker for at least 24 hours at 600 rpm and room temperature. Finally, the solution
is allowed to settle for 15 minutes to allow the air bubbles to coalesce before the membrane

casting technique begins.

The addition of silica and the subsequent formation of complex C-O-Si three-dimensional
networks would improve membrane selectivity and permeability, as well as antifouling
capabilities and mechanical stability [52,53]. Acetone is used to dissolve cellulose acetate,
resulting in a viscous casting solution. If the acetone/cellulose acetate ratio was too low, it would
result in extremely viscous casting solutions that could not be used to produce uniform films. A
high ratio, on the other hand, would result in thin sheets that, when submerged, would turn

gelatinous [54].

Because formamide is not a true solvent for cellulose acetate, its primary role is that of a
pore promoter [55,56]. In fact, formamide can be classified as a swelling agent [57], as it induces
cellulose acetate to expand when exposed to it, resulting in an increase in the overall volume of
the polymer-liquid system. It also enhances the capacity of acetate breakdown the polymer in
solution [57]. As a result, after being exposed to air, acetone evaporates, causing the solution to

approach the point of polymer precipitation.
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The casting solutions conditions are represented in the following table:

Table 4-Casting solutions conditions

Temperature of solution (°C) 20-25
Room temperature (°C) 20-25
Air relative Humidity (%) 40-50

Solvent evaporation time (s) 30

Casting solution

\’ ‘ Knife (thickness Ax= 0.25mm)
\ Glass Plate

Figure 13- Casting solution techniques illustrated on a glass surface with a casting knife.

4.2.1. Membrane Post-treatment

The hybrid CA/SiO2. membranes were conditioned in non-ionic surface-active agent
solutions, triton X-100 and glycerol, following Vos et al. [58]. The following solutions were tested
were three solutions tested: an aqueous solution of glycerol 20% (v/v), (G20), and an aqueous
solution of triton X-100 4% (v/v) with glycerol 20% (v/v) (GT). In this post-treatment, each

membrane was immersed for approximately 15 min.

Following that, the membranes are attached to a cord with metallic clamps and hung to
dry inside a hotte for 1 hour under ambient circumstances. The membrane is then placed in a
desiccator for 24 hours at room temperature to achieve complete evaporation of the reminiscent

conditioning solution.
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Figure 14- Schematic representation on the conditioning treatment using solutions of surface-active
agents. Surfactant Solutions: a) Glycerol 20% (v/v) and b) Glycerol 20% +Triton X-100 4%(v/v)

4.3 Ultrafiltration installation

o]

Figure 15-Crossflow Ultrafiltration Installation

This installation is composed by : 1. Tank where is deposited feed solution (with
thermometer to control the temperature); 2. Cross-flow Pump 3. Pressure damper to reduce
pressure fluctuations downstream the pump; 4. Manometers where pressure can be readable
from 0 to 10 bar, and a precision of 0.25 bar in the 0-1 bar range and 0.2 bar in the 1-10 bar[20].;
5. Five Permeation cells; 6. Five Permeate tubes/Vials | ,where the permeate is collected by; 7.

Valve with function of control the pressure measured by the manometers in the inlet(before the
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permeation) and outlet (after permeation); 8. Rotameter scale from 0 to 100% uses to measure

feed flow rate.

To calibrate the rotameter calibration its necessary to measure the flowrate (Qr) by using
a graduated cylinder and a chronometer, associating it to its % values on the scale. Moreover, its
necessary to control the pressure and the feed flowrate by modifying the position of the back-

pressure valve and the frequency of the pump. The calibration curve is shown in the Appendix B.

Furthermore, Throughout the experiment, the temperature of the feed fluid that
circulates throughout the apparatus varies. Given this, the temperature throughout the

experiment is the average of the initial and final temperatures.

The UF permeation cell is represent in:
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Figure 16- Permeation cell where: 1. Inlet feed solution; 2. Outlet feed solution corresponds to retentate
3. Permeate outlet; 4. The membrane porous support [59,60].

A Circular stainless steel porous plate that divides each cell into two sections mechanically
supports the membrane. These two parts are held together by a two-metal frame plate

mechanism that is bolted together to create proper sealing with the help of a Teflon ring infused
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in the cell's upper half. The chamber of the pop of the cell's structure, which has a conical stage,
considerably enhances the turbulence of the fluid flowing tangentially to the membrane when
under pressure. This fluid dynamics provides to the reduction of concentration polarization in the
fluid interphase near the membrane. The feed solution enters the cell axially to the membrane
and exists radially throughout its perimeter as retentate. The feed solution enters the cell axially
to the membrane and exists radially throughout its perimeter as retentate. Each of five cells has
a permeation area of 13.4x10* m?. The penetrated volume measured in short time intervals is
substantially smaller than the 5 L flowing in the feed solution due to the limited membrane
surface area. Because of the small membrane surface, the volume of the permeated are

measured in short times in relation to the volume circulating in feed solution (V =5 L).

Moreover, in each cell were introduced the following membranes respectively: CA,
CA_Ui066, CA/SiO,_Ui066, CA/SiO,, CA/SiO2_G20, these different membranes were tested with
the same solution of feed, under the assumption of total recirculation mode is valid. Thus, the
maximum number of permeation cells is limited by the feed volume to permeated volume ratio,

in such a way that it does not produce substantial oscillations in feed solution concentration.

4.4 Ultrafiltration operation process and data acquisition

Because of the compression to which membranes are subjected during operation,
hysteresis produces large permeability losses [61]. Thus, to minimize these losses, membranes
were compressed to a pressure that is 20% higher than the maximum working pressure on the
permeation experiments, in this case: 3.2 bar. To the compaction deionized water circulating

through the installation at feed of maximum feed flux (Qr = 3.27 L/min).

This UF experiment has four 4 different steps: installing start-up, stabilization of operating

conditions, sample collecting period, and system turn off.

In the first step, before initializing the system, the valve was tested to see if it was
completely open to avoid accumulating in the circuit. First step is the installing start up: before

initializing the system, the valve was checked if it was completed open, to avoid the accumulation
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in circuit. The pump is then turned on using a device (MOVITRAC LT) linked to it, and the pump

frequency is gradually increased to achieve the necessary feed flowrate.

Second stage is the stabilization of operating conditions where operational circumstances
must be stabilized. Depending on whether it is pure water or an aqueous solution, the system
stabilized between 10 to 30 minutes. For aqueous solutions, the permeate samples are collected
in a parafilm-sealed vial and recirculated to the feed tank during this time interval, which is set in
total recirculation mode, so that the operating pressure, feed flowrate, and solution

concentration in the feed and permeate can be stabilized.

Then, by the sample collecting step, the permeate samples are collected in vials with
previously measured masses and deposited at the exit of the permeate channel, which is covered
with parafilm. The time for each vial begins when the first drop of permeate falls, ti, and ends
when the last drop of permeate falls, tf, once there is a quantifiable volume in the vial. The time
interval, At t, during which permeation occurred is given by the difference between tf and ti.
Finally, the mass, mf, of each vial is measured. The difference between initial mass(mi) and final

mass(mf) allows to determine mass of each permeate sample, permeate mass (mp).

Knowing the membrane surface area, Area of membrane it’s possible to obtain permeate

flux by Equation 9:

My Equation 9
Jo

Finally, the system was turned off. To avoid damage to the membrane structure, the back-
pressure valve is progressively opened after the permeation experiment to cause
depressurization until the applied transmembrane pressure (AP:) is null. Following that, the pump
frequency is reduced to reduce the flowrate until it hits zero. After completing these steps, the

pump can be turned off and unplugged.
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Membrane washing was performed after each penetration experiment. This washing
carried out in pure water at room temperature until the feed and permeate conductivities, as well
as the permeate flowrate and, as a result, the hydraulic permeabilities, were identical to the

starting values obtained for membrane characterization.

The washing procedure was carried out at the highest feed velocity, umax, and at the lowest
APy, which was close to zero. Hydraulic flushing removes surface deposits by creating a turbulent

crossflow over the membrane surface towards the retentate side.

4.5 Membrane selective permeation properties

In the laboratory crossflow UF installation, the hybrid membranes were characterized in
terms of hydraulic permeability, Molecular Weight Cut-Off (MWCO), apparent rejection
coefficients to salts and to Uremic toxins: Urea, P_cresyl sulfate (PCs) and P_cresyl sulfate (PCs)

with Bovine Serum Albumin (BSA).
The membranes referred in Table 3 were installed in the UF set-up represented in Figure 15.

4.5.1 Hydraulic permeability (Lp)

Hydraulic permeability (Lp) corresponds to the slope of the linear variation of the pure
water permeate flux (Jw) as function of the transmembrane pressure (AP:). All measures of the
pure water permeate fluxes were taken at feed flow rate of 2.5 L/min, and transmembrane

pressures ranging from 0.5 to 3 bar.
All data on mass permeate fluxes were corrected to 25 °C (Appendix A).

Transmembrane pressure (AP:) notes the amount of force necessary to push water
through a membrane. Concentration polarization and membrane fouling can occur in crossflow
filtration, both of which reduce filtration efficiency [62]. Concentration polarization and hence
fouling may be reduced when operating at an optimal specified range of AP: and appropriate feed

flow parameters [62]. AP: is determined, as can be seen from Equation 10, as the difference from
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the feed pressure, and the permeate pressure Pp. The feed pressure is an average between Py

and P; representing inlet and outlet feed stream pressures, respectively.

_(PitPR) p Equation 10

AP, > »

4.5.2. Molecular Weight Cut off (MWCO)

The MWCO describes an ultrafiltration membrane's rejection capability. It is often
expressed in Dalton (Da) and is the lowest molecular weight at which the rejection to neutral
macromolecular solutes such as polyethylene glycol (PEG), dextran, and proteins of various

molecular weights is at least ninety per cent (90%) [63,64].

Measuring the apparent rejection coefficients, f(%,) for PEGs with varying molecular

weights enables the development of a MWCO retention curve.

A retention curve was constructed by determining the apparent rejection to each PEG as
the MW increased. To compute the MWCO of each membrane, the MW of each PEG was: 2, 5,
10, 20, 35 and 40 kDa. The order used was required to achieve a 90% rejection with MW less than
the highest established.

The apparent rejection coefficient(f) specified by Equation 11 .

[[Concentration of the solute in feed] — [Concentration of the soute in permeate]] Equation

[Concentration of the solute in feed] 11

Where: [Concentration of the solute in feed] is the average between feed initial and

final concentration of feed.
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Each permeation experiment was performed using aqueous solutions containing 600 ppm
of each PEG in total recirculation mode (at the highest volumetric feed flowrate, which matched

to the maximum velocity.

After 30 minutes of stabilization, each permeation experiment was performed using
aqueous solutions containing 0.6 g/L of each PEG in total recirculation mode at the maximum
volumetric feed flowrate and a transmembrane pressure of 1 bar. The concentration of solute in
both feed and permeate samples were determined using a Total Organic Carbon Analyzer (TOC-
VCPH/CPN, Shimadzu, Japan), through calibration curves for the used PEGs [65]. For all the
membranes, the MWCO was determined based on the intersection of f a5 curve as a function of

molecular weight in kDa with the rejection line corresponding to f =0.91.

4.5.3 Apparent rejection of salts

In this permeation experiments, one of a solution of a monovalent salt (NaCl) (600 ppm)
and another experiment with solution of a divalent salt (Na;SOa4) of 600 ppm was prepared. The
permeate and feed samples were taken so that conductivity measurements could be made
immediately corrected to 25 °C. The apparent rejection of the salts was determined by the

Equation 11 and using previously a calibration curve [65].

The permeation experiments of this salt were carried out with total recirculation, and with

maximum volumetric feed flowrate (3.37 L/min) at transmembrane pressure of 0.5 bar.

4.5.4. Apparent rejection of uremic toxins

The uremic toxins solutions were prepared due to reported concentrations: Urea: 0.4 g/L
and 4.6 g/L corresponding to normal concentration and uremic concentration (CKD patient)
respectively [66], 0.1 g/L of P_Cresyl sulfate [67] and 0.1 g/L PCs and 0.5 of BSA and 0.1 of BSA
with 0.5 g/L of PCs.

In this permeation experiment the apparent rejection was determined by the same

equation (Equation 11), but using two different methods .For the Urea permeations, the
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measures of the concentrations of permeate and feed was measured in Total Organic Carbon
equipment (TOC), described in and for PCs permeation, the measurements was on US-Vis
spectrophotometer (US-1700 UV-1700 PharmaSpec, Shimadzu, Japan)with maximum

absorbance wavelength of 265 nm using the calibration curve of PCs described in Appendix C.

The procedure of these all-permeation experiments is also in total recirculation and

maximum Qg = 3.27 L/min, with transmembrane pressure of 0.5, 1, 2 and 3 bar.

4.5.4.1 Apparent rejection of Uremic toxin bound to Bovine Serum Albumin (BSA)

In other hand, permeation of a uremic toxin, potassium p-cresyl sulphate, was tested with
Bovine Serum Albumin (BSA). One scenario with excess of P_cresyl (0.5 g/L of P_cresyl and 0.1
g/L of BSA) and another with excess of Bovine Serum Albumin (0.5 g/L of BSA and 0.1 g/L of
PCs).The first with molar fractions : PCs of 98.33%, BSA 1.67% and the last with: 99.93% of PCs

and 0.07 % of BSA. In this permeation the apparent rejection refers to PCs

The feed solutions were previously heated to 37 °C (Temperature of human body) through
to thermostatic bath. Thus ate the permeation experiments were carried at this temperature to

allow the connection between the uremic toxin and BSA.

The measurements of the concentrations (of P_cresyl) was also done on US-Vis
spectrophotometer (US-1700 UV-1700 PharmaSpec, Shimadzu, Japan) with maximum

absorbance wavelength of 265 nm using the calibration curve described in Appendix D.

4.6. Analytic Methods

4.6.1 Dielectric relaxation spectroscopy (DRS)

Dielectric relaxation spectroscopy is a technique that operates in a frequency range of 102 to

10° Hz, and it is commonly used in the study of molecular motions in amorphous materials. The
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large frequency range allows probing movements very localized in the molecule, such as those
corresponding to functional groups, and movements which involve several molecules or unities

as it is the case of polymers. It is also indicated to charge transport properties-

When an oscillating electric field is applied to a dielectric material, the molecular charges shift
from their equilibrium positions, resulting in polarization, which is a forced orientation of the
charges in response to an applied electric field. The presence of permanent dipoles is required
for obtaining a dielectric response. Thus, if the molecule is not dipole, it is not observing any
response through this method. One of advantages of this spectroscopy is that the range of

frequency is larger than another spectroscopy as we can see in figure below:
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Figure 17- Polarization mechanisms versus the frequency range [68].

As it can see there are three polarization mechanisms [69] (Figure 17):

1. Electronic orinduced polarization, which responds to field changes at all frequencies used
instantaneously. In this type of polarization are involved resonance effects.
2. Dipole or orientational, that describes the movements of the dipoles which, depending

on the frequency at the dielectric is subjected, will be able to follow all the displacements
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associated with field polarizations. The response to the electric field is not immediate due
to the resistance imposed to the dipole moment and to an irreversible loss of the free
energy in the form of heat.

3. Interfacial polarization that occurs when charges are blocked at the interface between
different dielectric constants, and the interface can be located within the dielectric. If it
occurs in the contact region between the material and the electrode itself, this is called

electrode polarization.

The complex dielectric constant (€*) is given by relation between the electric field (E)
(stimulus) and polarization (P) (response) (E = £*. P) This results in several processes, including
fluctuations of molecular dipoles, the spread of moving charges, or the separation of interface

charges that lead to more polarization, and is expressed as follows [69]:

e (w) =€ (w) —ie (w) Equation 12

The complex permittivity is used to considering the delay between the stimulus and the
answer of the material.
The real part (¢ ') of the dielectric constant, called permittivity, is related to the energy stored by
the material and the imaginary part (&") refers to the energy dissipated. The angular frequency,

w, is given by w = 2rtf that corresponds to the frequency of the oscillating electric field applied.

Each relaxation has an associated time that depends on the mobility of the molecules
involved (dipoles) that constitute a material. The relaxation time (t) corresponds to the time
during the polarization created in the material by the external electric field decays a factor of 1/e,
where e is the Neper number, after the field is removed. Thus, the relaxation time quantifies the
process during which the distribution of the previously oriented dipoles returns to equilibrium,

being randomly arranged [70].
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While the frequency of the alternating electric field is applied is sufficiently slow, dipoles
can follow the variations that they are subjected to. As the applied frequency increases, the
energy, quantified by €', begins to decrease due to the delay between the alignment of the dipole
and the electric field. On the other hand, the dissipated energy of the system follows an opposite
profile, increasing the imaginary part of the permittivity, €". If the frequency of the field is above
the maximum of the relaxation frequency, both components cease to exist, since the electric field
is too fast to influence the dipoles oscillation and the orientational polarization disappears

completely [70].

To extract the characteristic relaxation time of each relaxation, the Havriliak-Negami (HN)
model function (Havriliak and Negami 1966)[71,72] or a sum of HN functions when multiple

relaxations appeared) was used to analyze dielectric relaxation data:

(@) = £, + Z Ag; Equation 13
* —[1+ (iwt;) 1N | B

Ag; is the difference between the real permittivity values at the low and high frequency limits,
TN LS Havriliak—=Negami characteristic relaxation time of the dipolar relaxation process and ann;
and Bunjare shape parameters. The relaxation time Tmax = 1/(27tfmax), Where fmax is the frequency

at the peak maximum appearing on the imaginary component (g¢"'), of the complex permittivity.

The temperature dependence of the relaxation time for each peak observed in €" vs. T
represents the dynamic fingerprint of the compound. The molecular mobility originated by

localized dipolar reorientations usually exhibits an Arrhenius temperature dependence:

Eq

Tmax = To€XP (ﬁ)

Equation 14

The dielectric analysis was done using M" (dielectric modulus) instead of permittivity (7).

. . 1
Its relation to given as: M* = po
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4.6.1.1 Profile Temperature procedure

Dielectric measurements were carried out using the ALPHA-N impedance analyzer from
Novocontrol Technologies GmbH, covering a frequency range from 0.1 Hz to 1 MHz. Each
membrane sample were cut into disks with thickness ~ 0.045 mm, and was placed between two
gold-plated electrodes of a parallel plate capacitor, BDS 1200. The sample cell was mounted on a
BDS 1100 cryostat and exposed to a heated gas stream being evaporated from a liquid nitrogen
dewar. The temperature was controlled by Quatro Cryosystem and performed within 0.5 K. The
measurements start with a cooling ramp at 5 °C/min, from 20 °C to -120 °C, with data continuously
taken at five selected frequencies (102, 103, 10% 10° and 10° Hz). After that, in steps of 5 °C,
measurements were carried from -120 °Cto 100 °C and -120 °C to 200 °C. Figure 18 represents

in an schematic way the experimental procedure followed in dielectric measurements.

Figure 18- Temperature profile procedure during DRS experiment.

4.6.2 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a type of thermal analysis that includes techniques
for determining physical system parameters as a function of temperature. This analysis enables

the characterization of physical phase transformations of systems.
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A differential calorimeter uses a linear temperature ramp to measure the heat of a sample
relative to a reference, and both the reference and the sample are at the same temperature

throughout the experience.

It is this amount of heat required for transitions that is measured by DSC, permitting detect
phase transformations as crystallization, melting and glass transition. Results are represented in

a thermogram.

This type of thermal analysis that includes techniques for determining physical system
parameters as a function of temperature. This analysis enables the characterization of physical
phase transformations of systems [73]. And an amount of heat required for transitions that is
measured by DSC, permitting detect phase transformations as crystallization, melting and glass

transition. Results are represented in a thermogram where each peak corresponds to a process.

In DSC we can observed: A glass transition (Tg), a recrystallisation exotherm and a melting

endotherm.

Oxidation

Cross-Linking
Crystallization (Cure)

Glass
Transition

Heat Flow -> Exothermic

Melting

Temperature

Figure 19-Thermal technique in differential scanning calorimetry [74].
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Figure 20- Heating flux [75]

One of the limitations of DSC measures, is that it only measures the sum or the heat
flowrate from overlapping process. This makes quantitative analysis of the individual processes

impossible and, it cannot optimize both sensitivity and resolution in a single experiment.

Regarding the limitations of DSC measurements mention above, another technique, was

used in this work, Modulated Differential Scanning Calorimetry (MDSC).

Modulated Differential Scanning Calorimetry (MDSC) is another recent technique from
DSC modification that adds a new dimension to the conventional approach. MDSC was developed
that combines periodic temperature control performed by AC calorimetry and constant
temperature control of the rate performed by standard DSC measurement [76,77] (Figure 21).
MDSC heats samples by a temperature program that adds sinusoidal temperature control to
linearly heating at constant rate. MDSC heats samples using a temperature program that
incorporates sinusoidal temperature control in addition to linearly heating at a constant pace. By
repeatedly heating and cooling the temperature in a short time, the sample temperature is
elevated at a steady rate on average (Figure 15) [76]. In addition to information gained from
standard DSC measurements, this method can simultaneously obtain heat capacity component
(reversing heat flow) data that corresponds to the specific heat capacity while heating a sample

at a steady pace by repeated sinusoidal temperature contrasts.
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MDSC provides direct measurements of heat capacity, more accurate measurements of
crystallinity, separation of complex transitions into more easily interpreted components,

increased sensitive for detecting weak transitions and melts, increased resolution without loss of

sensitivity.
\ose/\ /N 4 a
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Figure 21- Temperature curve and DSC signal for TMIDSC [76].
dH dT Equation 15
U (D)4 s
dt P'\dt QD
Where:

e dH/dt: is the total heat flow due to the underlying or linear heating rate;
e Cp: Heat capacity component of the Total heat flow and is calculated from just the heat

flow responds to the modulated heating rate;

e dT/dt: Measured heating rate, which has both a linear and sinusoidal (modulated)
component;

e f(T/t): Kinect component of the heat flow and is calculated from difference between the
Total signal and Heat capacity component;

e (Cp.dT/dt: Reversing Heat flow component of the total heat flow.

According to Equation 15, the Total Heat Flow is made up of two distinct components: the heat

capacity dependent component and the other phenomena (kinetic) dependent component.
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The thermal features were examined using differential scanning calorimeter DSC Q2000
from TA Instruments Inc. (Tzero DSC technology) operating in the Heat Flow T4P option. Enthalpy
(cell constant) and temperature calibration were based on the melting peak of indium standard
(Tm =156.60 °C). Membranes were cut into small pieces (approximately 5 mg) and introduced in
an aluminum hermetic pan with a Tzero hermetic lid with a pinhole to facilitate the exit of water.
Thermograms of all the membranes were obtained over a range of -80°C to 240°C at a heating
rate of 5 °C/min under a nitrogen flow of 50 mL/min. Cooling ramps were conducted in the
conventional mode while heating runs were done in the modulated one (modulated parameters:
amplitude, A =+0.663 °C, period, p =50 s). In Figure 22 it can be seen a schematic representation

of the Temperature-time experimental protocol followed in these measurements.

The data analysis was carried out using the software Universal Analysis 2000 from Thermal

Analysis.

52C/min

52C/min 2500¢

250°C

Figure 22-Profile temperature for TMDSC procedure.

4.6.3 Total Organic Carbon analysis TOC
Total organic carbon analysis (TOC) involves oxidizing all organic compounds into carbon

dioxide (CO3) by Nondispersive infrared (NDIR) sensor [78].
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Total carbon (TC) refers to the sum of the contributions of organic and inorganic carbon. Therefore,

the total organic carbon (TOC) is obtained by subtracting the inorganic carbon (IC) from the TC:

TOC=TC-TIC Equation 16

4.6.4 Conductivity

The electrolytic conductivity, o, expressed in S/cm, is given by the equation represented
below:

o =G6XK Equation 17

where G is the conductance of a solution expressed in S units and K is multiplied by the cell

constant (K) in cm™.

At a specific concentration and temperature, an electrolyte solution's conductance is a
characteristic that is dependent on the cell being used to measure the solution [79], so the
conductivity measurements depend on temperature. As Temperature has an impact on
conductivity values, measurements of conductivity need to be corrected to a reference (T= 25°C)

by the Equation 18 [80]:

or

O7— o
1+ (G5O - 25)

Equation 18

OT=25°C =

where gr—,5oc is the conductivity measured at temperature of 25 °C.

A conductometer from Crison, model GLP 32, with a conductivity probe and a cell constant of
0.1cm™! was used to quantify the concentration of aqueous salt solutions (NaCl and Mg,S04) with

a typical temperature coefficient o7—,5.¢c = 2% [80].
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4.6.5 US-Vis Spectroscopy
Because all organic compounds have valence electrons that can be stimulated to higher

energy levels, they can all absorb electromagnetic radiation [81,82].

As a result of the high excitation energy associated with most single-bond electrons,

absorption occurs in the region of ultraviolet with the lowest wavelengths (< 185nm).

However, most organic compound applications for absorption spectroscopy are based on
transitions whose excited state energies from n or m electrons to the m*excited state sends the
absorption bands into the UV-visible (Vis) region (200 to 700 nm). An unsaturated functional
group must be present for of these transitions( n —» 7*and m - ©* )to provide 7 orbitals [81,83].

Such functional groups enable the absorption of UV-Vis radiation by molecules.

Absorbance measurements were obtained using the spectrophotometer from Shimadzu,
model UV-1700 PharmaSpec. For the absorbance measurements in the spectrophotometer, 2
quartz cells (1 cm path length) were used, one in which the sample is placed and another in which

pure water used as blank.

5. Results and Discussion

5.1 Membrane characterization

5.1.1. Calorimetry results
All membranes were submitted to the same temperature-time profile consisting basically
in two successive cooling/heating cycles. Results will be presented in first place the analysis for

CA membrane and then, thermal events will be compared for the different samples prepared.

Upon cooling from 20 °C to -80 °C, the thermogram shows a large exothermal event whose
onset is at -18 °C to related to the crystallization of bulk water (Figure 23(a)). At lower
temperatures, close -40 °C, another small peak is observed (see arrow in the inset). On first
heating, the melting of crystalline water starts around -18 °C (Figure 23(b)), and with minimum

at-1.03 °C.
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Figure 23- (a) Cooling thermogram for CA membrane (Inset graph is an ampliation of the small
exothermal event around -18 °C (b) Heating thermogram obtained at 5 °C/min, A = +0.663 °C and period
p =50 (inset graph is an ampliation of the endothermal event around 250 °C).

Above room temperature, a large exothermal band is observed with minimum at 100.2
°C, corresponding to the water release form the membrane. Close to 200 °C, the heat flow shows
a step indicating the glass transition of the dried membrane (arrow at Figure 23(b)). Immediately
above the glass transition, an additional exothermal peak is detected (Tmin = 224.9 °C) that can be
associated to the melting of the crystalline fraction of the CA membrane. Also, the enthalpy
calculated from the thermogram was AHm = 8.4J/g (this value was corrected considering the water
loss during the measurement). The crystallinity degree can be estimated by the ratio between the
melting enthalpy of the material under study (AHm) and the respective value for the totally

crystalline material, (AH°m) by the equation below (Equation 19):

Equation 19

m

AH
Xe(%) = 3 100

m

Where AHm = 58.8 J/g as proposed by Cerqueira et al. [84] corresponding to 100% crystallinity for
CA membrane, by this way the value of crystallinity degree is yc= 14.2 % for CA membrane (Table
5).
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According to the literature [85], the crystallinity degree of CA membrane is Xc ~ 12%, that

is similar to the estimated value of crystallinity degree in this work.

Table 5- Water loss Am(%), Melting temperature, melting enthalpy (AHx), melting enthalpy corrected by

water loss, and crystallinity degree (%) values of CA, CA/SiO,, CA_UiO66 and CA/SiO, UiO66 membranes.

CA CA/SiO; CA_Ui066 | CA/SiO,_Ui066

Initial sample mass (mg) 2.5 33 1.6 5.2
Final sample mass (mg) 1.6 0.8 0.54 0.8
Am (%) 87.6 76.6 85.6 65.8

Melting Temperature (°C) 224.9 225.1 215.8 225.5

AHm (melting enthalpy)

(J/g) 5.3 3.8 1.6 0.9

AHm corrected (J/g) 8.4 16.4 4.6 6.0

Y crystallinity degree (%) 14.2 27.8 7.8 10.2

The glass transition temperature (Tg) was determined during the 2" Heating carried out

under modulated conditions. In Figure 24, its possible to see how the glass transition temperature

was estimated in the onset, midpoint and endset. The values are included in Table 6. The variation

of the heat capacity (ACp) as result of the increase of the degree of freedom at glass transition is

1.82 J/°Cg (corrected with the water loss). The values of T, variation of the heat capacity (ACp),

and the corrected variation of the heat capacity, ACp, corrected ,were determined by the same

procedure for the rest of membranes (Table 6). Comparing with litterature [86], the CA glass

transition is ~ 196 °C, which is in the interval of the estmilated glass transition in this experiment

(similar to the values estimated in this experiment (around 190 °C).
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Figure 24- Reversing Cp obtained from MDSC experiment for CA membrane on heating at 5 °C/min.

Table 6- Representation of values of glass transition temperature determined in the onset, midpoint and

endset, variation of the heat capacity (AC,), and the corrected variation of the heat capacity (ACp,corrected)

of CA,CA/SiO,, CA_UiO66 and CA/SiO, UiO66 membranes.

CA CA/SiO, | CA_UiO66 | CA/SiO,_UiO66
Onset (°C) 187.6 188.8 183.5 188.7
T Midpoint (°C) | 193.8 192.4 191.4 192.7
Endset (°C) 199.5 204.2 209.5 195.8
AC, (1/g°C) 0.20 0.30 0.24 0.04
ACp corrected (J/g°C) | 1.82 1.207 0.70 0.2

The same analysis was done for sample CA/SiO,, CA_UiO66, and CA/SiO,_UiO66

membranes. In Figure 25, there are represented the thermograms obtained on cooling (Figure

(a)) and on heating (figure (b)). The water crystallization occurs in similar temperature for all the

samples (Table 6), what is someway expected that it corresponds to bulk water. The CA and

CA/SiO2 membranes also presents a small peak at T=-41.98 °C (AH = 0.63 J/°C) as it was observed

in CA (see arrows in figure Figure 25(a)). This exothermal peak would indicate that a fraction of
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water recrystallizes at this temperature due to be located deeper inside the membrane like

confined water reported in other materials [87].

Regarding the melting of water on heating (Figure 25(b)), the minimum temperature is

similar for all the samples (~-1 °C).
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Figure 25- a) Cooling thermogram obtained at 5 °C/min for CA, CA/SiO,, CA_UiO66 and CA/SiO, UiO66
membranes; Inset graph is an ampliation of the small exothermal event around -40 °C. (b) Heating

thermogram obtained at 5 °C/min (A = +0.663, p =505s).

At higher temperatures, the water evaporation is clearly observed for all the samples,
nevertheless the minimum occurs at different temperatures (Figure 25(b)). This may indicate
strong/weak water-membrane interactions, then we can purpose an order: CA/SiO;_G20,

CA_Ui066, CA/SiO2, CA/SiO2_Ui066 and CA.

Above 150 °C, the glass transition signal and the melting of the membrane crystalline
fraction are detected. As it can see in Table 5, melting temperature does not change adding SiO;
and/or MOF into CA membranes, therefore, the crystallinity degree changes. The crystallinity
decreases by introducing MOF into CA and CA/SiO> membranes. Regarding the glass transitions

(Table 6), it can be seen that the membranes have practically the same Tg and also the same heat
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capacity variation, in CA/SiO,_UiO66 membrane. The later lost a large amount of water, and the

final mass of the membrane was very small, and it probably result in a poor DSC signal.

The main differences of the post-treated membranes refer to:

(i)

(ii)

(i)

(iv)

(v)

There is no signal of bulk water recrystallization on cooling (and also the melting
on heating);

Water evaporation is detected with Tminimum at higher temperatures than in
untreated membranes (Figure 26). This is expected since water in these
membranes is not in bulk state and then it must be interacting with the
polymeric structure;

At higher temperatures the glass transition step is not clear at the heat flow, and
two successive peaks are very well defined (Tmin1 = 57 °C and Tmin2 = 158 °C for
CA_GT membrane (for example);

The second peak can be assigned to melting since it occurs at a similar
temperature of crystalline melting in untreated membranes (Table 7). However,
the high values of enthalpy obtained means that it is not only the CA part of the
membrane;

The glass transition temperature (Table 8) taken on the second heating is nearly

unchanged by the presence of glycerol, glycerol-triton.

Table 7- Mass loss Am(%), Melting temperature, melting enthalpy (AHm,), melting enthalpy corrected by

water loss, and crystallinity degree (%) values of post-treated membranes.

CA_G20 | CA/SiO; G20 CA_GT CA/SiO,_GT
Initial sample mass (mg) 2.5 3.8 1.9 2.7
Final sample mass (mg) 1.6 1.47 1.27 1.2
Am (%) 37 63 36 56.3
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Melting Temperature (°C) 213.7 213.5 208.2 209.1
Melting enthalpy, AHm (J/g) 119.7 106.1 166.8 189
Melting enthalpy corrected, AHm corrected (J/8) 190.5 277.2 260.1 432.5

Table 8- Representation of values of glass transition: Onset, Midpoint and Endset, variation of the heat

capacity (AC,) ,and the corrected variation of the heat capacity (ACpy, correctea) Of Post-treated membranes.

CA_G20 | CA/Si0, G20 | CA_GT | CA/SiOx-GT
Onset (°C) 176.9 164.8 157.6 165.6
T, Midset (°C) 191.4 190.9 175.5 195
Endset (°C) 208.7 202.8 197.6 204.5
AC, (1/g°C) 0.43 0.27 0.4 0.41
ACp corrected (1/8°C) 0.69 0.71 0.62 0.93
‘g;“ -

Exo Up

Temperature (°C)

Universal V4.£

Figure 26- Heating thermogram obtained at 5 °C/min, A = #0.663 and p = 50 s for post-treated membranes.

5.1.2. Dielectric Relaxation Spectroscopy results

First, as mentioned before, membranes were submitted to a cooling ramp from 20 °C to -
80 °C (at 5 °C/min) and then, two successive heating’s, the first one from -120 °C to 100 °C (serie
1) and the second one, from -100 °C to 200 °C (serie 2). While during cooling ramp only five
frequencies were used to monitor the permittivity, on heatings, isothermal spectra with
frequencies ranging from 0.1 Hz to 10® MHz, were collected every 5 degrees (note that every

42




isothermic spends approximately 10 minutes, then the equivalent heating rate is around 5
°C/min). In Figure 27- Imaginary part of (a) complex permittivity (¢”") and (b) complex dielectric
modulus (M"") at f = 103 Hz for CA membrane: cooling ramp at 5 °C/min, black symbols, heating
isothermal spectra (serie 1), orange symbols, and heating isothermal spectra (serie 2), blue symbols.

(a) it is represented the imaginary part (¢"") of the complex permittivity as a function of
temperature for the frequency of 103 Hz; in Figure 27- Imaginary part of (a) complex permittivity
(") and (b) complex dielectric modulus (M"’) at f = 103 Hz for CA membrane: cooling ramp at 5 °C/min,
black symbols, heating isothermal spectra (serie 1), orange symbols, and heating isothermal spectra
(serie 2), blue symbols.

(b) itis represented the corresponding imaginary part of M* showing a similar profile than

’r
e’ (T).
0 CA, f=1000 Hz CA, f= 1000Hz
—+—1stHeating —*—2nd Heating —e—ramp cooling —s—ramp cooling  —+—1st Heating ——2nd Heating
(a) (b)
1 0.16 r‘
Ny : M
b =
0.016
h \ /\’I/
m -
0.001 -15i -100 -50 0 50 100 150 200 250
-150 -100 -50 0 50 100 150 200 250
Temperature(°C) Temperature (°C)

Figure 27- Imaginary part of (a) complex permittivity (&”') and (b) complex dielectric modulus (M”’) at f =
103 Hz for CA membrane: cooling ramp at 5 °C/min, black symbols, heating isothermal spectra (serie 1),

orange symbols, and heating isothermal spectra (serie 2), blue symbols.

From DSC analysis, it was shown that bulk water recrystallizes on cooling ramp. This
phenomenon is also observed in dielectric results by a decrease in € (or M”’) at -30 °C. With
continuous cooling, the £"'(T) trace allows distinguish at least one dipolar relaxation around -100
°C.

On the first heating (orange circles in Figure 27- Imaginary part of (a) complex permittivity
(") and (b) complex dielectric modulus (M"’) at f = 103 Hz for CA membrane: cooling ramp at 5 °C/min,

black symbols, heating isothermal spectra (serie 1), orange symbols, and heating isothermal spectra
(serie 2), blue symbols.
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) At higher temperatures close to 50 °C, during first series, a sharp decrease is observed.
As it will be seen later by DSC, it corresponds to the water evaporation. In the second series (blue
circles), a broad and low intense relaxation is observed who’s maximum (at the frequency

displayed) is close below 0 °C.

Figure 28 displays some representative M’ (f) spectra from -55 to 10 °C in which multiple
relaxations can be directly seen. To extract dynamical information, each isothermal spectrum has
been deconvoluted in the individual relaxations by using a sum of HN equations (imaginary
component). Examples of this data treatment are included in Figure 29 for spectra collected at -

100, -50 and O °C.

Temperature

f (Hz)

Figure 28- Frequency dependence of the imaginary part of the complex dielectric modulus from -55 °C to

5 °Cin steps of 10 °C for CA membrane.
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Figure 29- Isothermal data collected at -100, -50 and 0 °C (blue circles) and the corresponding processes
for CA membrane. The individual HN fitting functions used are blue lines, and the overall fit is depicted as

black line.

By this data treatment up to six relaxations were distinguished whose shift to higher
frequencies as the temperature increases. In Table 9- Fitting parameters aHN, BHN and are
summarized the aunn, Bun and AT fitting parameters used for all the relaxations. Additionality the
principal parameter obtained was characteristic relaxation time, tun, that was convert to the

model-independent, t by the next equation:

1 __ 1
AuNT )}‘W [Sin (“HNﬁHN”)] ann
24 2Byn 2+ 2By

Equation 20

Tmax = THN [Sl?’l(

Table 9- Fitting parameters aun, Bunv and corresponding T range of CA membrane.

Process 0 Process 1 Process2 | Process3 | Process4 Process 5
OlHN 0.36 0.7 0.72 0.6 0.8 0.7
Bun 0.6 1 0.55 0.5 1 0.5
T range (°C) [-110,-60] [-110,-70] [-105,-15] [-55,5] [-20,55] [50,55]
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The relaxation times estimated by this way have been represented against the reciprocal of

temperature in Figure 30. From the relaxation map some features can be underlined:

(i)

(i)

(i)

All processes follow a linear temperature dependence that can be well described by
an Arrhenius-type equation, whose activation energies and pre-exponential factor are
included in Erro! A origem da referéncia nao foi encontrada..

As temperature increases, process 1 tend to merge with process 2 (see arrow in Figure
30);

Process 3 and 4 undergoes a change from a linear trend to another with a high slope

at around T ~270 °C (~3.7 = 1000/T(K)).

., —* - . @ process 0
.t :

® process 1

-log(Tmax/s)
v

® process 2

... Ea=48.9KJ/mol
2 . .3 © mol process 3

. Tw, §
. ® process 4

35 4 45 5 55 6 8.5
1000/T(K)

Figure 30- Temperature dependence of relaxation times, Tma, fOr processes detected in CA

membrane (serie 1). Lines correspond to the fitting with an Arrhenius-type equation, and activation energy

(E.) values in ki/mol corresponding each CA membrane processes.

The linear trend is a common feature to all the processes, and as it was referred in the

experimental section, it can be described by Arrhenius equations.

Table 10- Activation energy E, (kJ/mol) and time at infinite temperatures (to) values of CA membrane

processes.

Process O | Process 1 | Process 2 | Process 3 Process 4 Process 5
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Ea(kl/mol) 54.2 33.1 46.9 86.3 51.1 57.5

To (S) 5.6E-22 4.9E-14 1.1E-15 4.4E-21 5.9E-15 1.23E-13

The literature values of the estimated Arrhenius Parameters: activation energy and pre-
exponential factor for CA membrane [85] are for process | Ea = 44.3 kJ/mol and 1o = 3x10° s, and
process II: 64.3 and 7, = 3 X 1071° (Figure 31). Where can be comparing with CA membrane
analyzed in this experiment. Therefore, the process | of the literature is similar to process 2 (Figure

30), and process Il to process 3 (Figure 30).

T/K
300 280 260 240 220 200 180
T T T T T T

» CA
» CAmb

-log‘_“( T/ 8)

|
wio

2 36 40 44 48 52 56 60
1000/ T /K’

Figure 31- Relaxation map for processes | and Il detected in CA (2.73% w/w water) and CAmb (1.60% w/w
water) open symbols. Full symbols stand for tme(T) of the remaining process in both samples after

dehydration [Erro! Marcador néo definido.].

The presence of SiO; and/or MOF induces significant changes in dielectric modulus as
shown in Figure 32. Al lowest temperatures, two very well-defined relaxations are visible in those
membranes while only one was distinguished in CA. Another significant difference occurs at 0 °C,
temperature at which the three “complex” membranes show a sharp decrease in M”’, while
something similar was observed in CA only at higher temperatures (~50 °C). The origin of this
change cannot be attributed to water evaporation but rather it may be related to melting. Above
0 °C, M”" increases gradually for three samples up to a temperature 65, 80 and 95 °C for CA/SiO,,
CA_Ui066 and CA/SiO,_UiO66 respectively, and then decreases.
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Figure 32- 1°t Heating M’ vs. Temperature (°C) at frequency of 10° Hz of CA, CA_UiO66, CA/SiO, 22 and
CA/SiO, Ui066 membranes. (b) 2™ Heating M"* vs Temperature (°C) at frequency of 10° Hz of CA,
CA_UiO66, CA/SiO; and CA/SiO, UiO66 membranes.

In the second heating (serie 2), M"’(T) is similar for CA, CA/SiO, and CA_UiO66 and
CA/SiO2_Ui066 for which only one very much extended relaxation is detected. In CA/SiO,_UiO66

an additional relaxation is observed at lowest temperatures (maximum around -80 °C).

As mentioned before, the relaxation times extracted from HN fits are reported in Figure
33 (examples of fitted spectra can be found in supplementary material as well as fitting

parameters, Appendix H). The main difference relatively to CA refers to the number of relaxation
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deconvoluted during the fitting procedure of isothermal spectra, that was reduced from five in

CA to three with CA and SiO, and/or MOF.
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CA vs CA/SiO,_UiO66
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Figure 33- Relaxation map of CA membrane compared with the corresponding for: (a) CA/SiO,, (b)

CA_UiO66 and (c) CA/SiO,_UiO66 membranes.

For each relaxation it was possible to calculate the Activation energy (Ea) in kJ/mol and

the time at infinite temperatures (to) (equation 10) which are represented in the following table:

Table 11- Activation Energy, E., in kl/mol, and pre-exponential factor, o, in sec values of CA/SiO;,

CA_Ui066 and CA/SiO, UiO66 membranes.

CA/SiO; CA_UiO66 CA/SiO,_Ui066
Process Process Process | Process | Process | Process | Process | Process | Process
0 1 2 0 1 2 0 1 2
Ea (KJ/mol) 54.1 42.9 77.3 53.1 39.1 84.0 53.9 39.4 75.2
To 3.6E-22 4.6E-15 1.1E-19 | 1.8E-21 | 1.3E-14 | 5.2E-20 | 9.2E-23 | 1.0E-14 | 2.6E-19

As it can see in Table 11, the Activation energy values for each membrane process does not significantly

change for CA/SiO,, CA_UiO66 and CA/SiO,_UiO66 membranes, neither 1o,
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Figure 34- 1% (a)and 2" Heating (b) M"* vs Temperature (°C) at frequency of 10° Hz of CA, CA_G20,
CA/SiO, G20, CA_GT and CA/SiO,_GT membranes.

Concerning the post-treatment, the isochronal representation of M”" shows the following

differences:

(i) At lowest temeprtures a narrow relaxation is observed, very different to that found in
CA, CA/SiO, and/orMOF membranes.

(ii) The sharp decrease (see in arrow Figure 34) in M"" at ~50 °C in CA has not equivalent
in the glycerol treated membrane;

(iii) The suddently decrease observed in untreated CA membrane at ~50°C associated to
water removal (green symbols in Figure 34(a) is not onsereved in CA/SiO>_G20.

(iv) In the second series, the broad relaxation visible in CA and CA/SiO; is not observed in

glycerol treated membrane, which keeps the profile observed in the first serie.

In Figure 35, it is displayed the relaxation map of all the treated membranes. It is noticeable the
non-Arrhenius temperature behavior of the more intense peak observed at lower temperatures.

This tendency can be described by a VFTH function [88]:

B

Tmax = Teo€XpT-TO Equation 21

where B, 1 and Tg are fitting parameters. The obtained parameters for this sample were B =

2040.4 K, To = 110 K and 1« = 11.14 s (Figure 35). This is commonly used the fitting function to
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extrapolate a glass transition temperature to Tmax = 100 s [89] that in this case was 5.7 K (-95 °C).

This value matches well with the corresponding to bulk glycerol [90] and consequently, the

relaxation detected in CA_GT can be assigned to “residual” glycerol incorporated in the

membrane. This conclusion can be also applied to other membranes post-treated with glycerol

solutions.

-log(TauMax /s)

CA22 -GT

serie

O |process 3
——VFT

Tg~-95 °C

1

N

35
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1000/T
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Figure 35- Relaxation map of CA_GT membrane for spectra collected in the first serie. Corresponding to

the fitting with VFTH equation (curved).

Table 12- Activation Energy E, (kJ/mol) and time at infinite temperatures (7o) values of CA/SiO,, CA_UiO66

and CA/SiO,_UiO66 membranes.

CA_G20 CA/SiO,_G20 CA_GT CA/SiO,_GT
Process | Process | Process | Process Pro- Process 2 | Process Pro- Process
0 1 0 1 cess1 3 cess 1 2
Ea 93.1 101.7 27.7 91.9 90.5 122.9 64.8 76.1 113.4
(kJ/mol)
To(S) 1.2E-31 | 2.5E-33 | 1.1E-14 | 5.4E-31 | 1.9E- 1.7E-39 | 3.7E-15 | 7.1E- | 3.6E-36
31 27

Activation energy values obtained for relaxation fitted by Arrhenius equation (Equation

14) are significantly higher than those observed in untreated membranes. These results suggest

that the molecular origin is mainly associated to glycerol (or glycerol-membrane) and not water

(water-membrane) as in the untreated membranes.
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5.2. Permeation characterization

5.2.1. Hydraulic permeability (Lp)
The hydraulic permeability (L,) was determined for each membrane by representing
graphically the pure water permeation fluxes, Jw (corrected at 25 °C), as function of

transmembrane pressures, APt: 0.5, 1, 2 and 3 bar.

120 e CA22 o CA22_UIO66 CA/Si02_22_UI066 CA/Si02_22 e CA/SIO2_22_G20
100
80

2 60

Pure water permeate flux at 25°C (Jw)
(Kg/h.m?)

Transmembrane pressure APt(bar)

Figure 36- Pure water permeate mass flux at 25 °C, as a function of the applied transmembrane pressure
from 0.5 to 4 bar and for each membrane. The permeate fluxes were measured at a volumetric feed flow

rate of 2.5 L/min and with a membrane surface area of 13.2 x10* m?.

The slope of each linearization’s represented in figure above (Figure 36) corresponds to
hydraulic permeability of each membrane. In figure below are presented the hydraulic

permeabilities (at 25 °C) that corresponds to each membrane:
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Figure 37-Hydraulic permeability at 25 °C, (Lp) in kg/ (h.m?.bar) for all the membranes. The Lp 25 °C were
obtained in the AP; range from 0.5 to 4 bar, with a surface area, Am, of 13.2 x 10* m? at a volumetric feed

flow rate, Q, of 2.37 L/min.

As it can be seen, by introducing MOF in CA membrane the permeability decrease, and
with CA/SiO2 membrane the opposite happens, CA/SiO, permeability is lower than the one of
CA/SiO;_Ui066, and the lowest permeability is CA/SiO2_G20.

5.2.2. Molecular weight cut off (MWCO)

The Ultrafiltration is carried out for aqueous solutions of solute with increasing molecular
weight: PEG 3, 6,10, 20, 35 and 40 kDa. The apparent rejection coefficient to these solutes is
plotted versus its molecular weight to yield the curves fitting these data and shown in Figure 38
to Figure 42.The intersection of these curves with the line of an apparent rejection coefficient of

91% gives the molecular weight that corresponds to the Molecular Weight Cut-Off.
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Figure 38- Apparent rejection to PEGs in aqueous solutions with a feed concentration of 0.6 g/L for PEG 3,
6, 10, 20, 35 and 40 kDa at a AP: of 1 bar at the maximum volumetric feed flowrate, Qr = 3.27 L/min and

a membrane surface area, Am, of 13.2 x 10* m? for CA membrane.
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Figure 39- Apparent rejection to PEGs in aqueous solutions with a feed concentration of 0.6 g/L for PEG 3,
6, 10, 20, 35 and 40 kDa at a AP: of 1 bar at the maximum volumetric feed flowrate, Qf = 3.27 L/min and

a membrane surface area, Am, of 13.2 x 10* m? for CA_UiO66 membrane.
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UF3: CA/SiO2_22_UI066
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Figure 40- Apparent rejection to PEGs in aqueous solutions with a feed concentration of 0.6 g/L for PEG 3,
6, 10, 20, 35 and 40 kDa at a AP; of 1 bar at the maximum volumetric feed flowrate, Qr = 3.27 L/min and

a membrane surface area, Am, of 13.2 x 10* m? for CA/SiO,_UiO66 membrane.
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Figure 41- Apparent rejection to PEGs in aqueous solutions with a feed concentration of 0.6 g/L for PEG 3,
6, 10, 20, 35 and 40 kDa at a AP: of 1 bar at the maximum volumetric feed flowrate, Qf = 3.27 L/min and

a membrane surface area, Am, of 13.2 x 10* m? for CA/SiO> membrane.
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UF5: CA/SiO2_22_G20
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Figure 42- Apparent rejection to PEGs in aqueous solutions with a feed concentration of 0.6 g/L for PEG 3,
6, 10, 20, 35 and 40 kDa at a AP; of 1 bar at the maximum volumetric feed flowrate, Qr= 3.27 L/min and a

membrane surface area, Am, of 13.2x10* m? for CA_UiO66 membrane.

Table 13- Values of Molecular weight Cut off (MWCO) in kDa.

Membrane MWCO (kDa)
CA 22
CA_Ui066 8
CA/SiO; 14
CA/SiO,_Ui066 19.5
CA/SiO,_G20 6

One more time, the effect of introducing MOF(UiO66) as it can be seen in the CA
membrane reduces from 22 kDa to 8 kDa and in CA/SiO>, membrane increases the MWCO from
14 kDa to 19.5 kDa and it’s also possible to state that UiO66 induced an increase in pore size. The
lowest MWCO in this batch for the CA/SiO2_G20 membrane.

Furthermore, by comparing the MW of small water-soluble compounds (MW< 500 Da)
with the MWCO values for each membrane (> 6 kDa), it is possible to anticipate that urea and PCs

can be removed when not bound to any protein.
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5.2.3 Apparent rejection coefficient to Salts

The apparent rejection coefficients, f (%), of NaCl and Na;SOa., were used to assess the
selectivity of each membrane. All the permeation experiments were conducted at the
maximum volumetric feed flowrate (Qe= 3.27 L/min), which corresponded to the maximum
volumetric velocity. The apparent rejection was determined as mentioned before with

solutions of 0.6 g/L at 0.5 bar.

m NaCl = Na2S04
70 T

60 +
50 1
40 1
30 4
20 +
10 +

B -

CA CA_Ui0O66 CA/SiO2 CA/SiO2_Ui066 CA/SiO2_G20

Apparent Rejection Coefficient, f(%)

Figure 43-Apparent rejection coefficients (f) in percentage (%), to a monovalent salt, NaCl and bivalent
salts, Na,SO, for CA, CA_UiO66, CA/SiO, Ui066, CA/SiO, and CA/SiO, G20 membranes. The f coefficients
were determined under total recirculation mode at a transmembrane pressure, AP, of 0.5 bar, at maximum
volumetric feed flow rate, a membrane surface area of Am = 13.2x10* m? a feed solution concentration of
0.6 g/L.

The mass flux permeability of the salts for each membrane was also determined and the

values are presented in the table below:

Table 14- Permeate mass fluxes (25 °C) at 0.5 bar of the monovalent salt, NaCl, and divalent salt,
NazS0O.,.

Salts Permeate mass fluxes at 2 5°C
(Kg/h.m?) at 0.5 bar

Membrane ‘ NacCl ‘ NazS04
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CA 4 4.2
CA_UiO66 0.9 0.8
CA/SiO,_UiO66 | 8 8.1
CA/SiO; 1.7 1.8
CA/Si0,_ G20 | 0.5 0.4

Through the results above it is possible to conclude that the salts are partially rejected by
membranes and the influence of introducing MOF is also seen. the apparent rejection coefficient
of CA membrane, f, to salts is lower than CA_UiO66 membrane and CA/SiO, membrane is higher

than CA/SiO;_Ui0O66 membrane.

There’s a significantly difference between the rejection of a monovalent salt and divalent
salt in CA/SiO; membranes. In CA/SiO; and CA/SiO2_G20 membranes the rejection to NaSOs is

bigger than rejection NaCl.

Regarding the permeate flux, there’s not a significant difference between the monovalent

salt and the divalent salt, Na>SOa.

5.2.4. Apparent rejection coefficient to Uremic toxins

The apparent rejection coefficients, f, were determined over a pressure range from 0.5 to
3 bar for following solutions: 0.4 g/L of Urea, 4.6 g/L of Urea, 0.1 g/ L of p-CS, 0.5 g/L of BSA and

0.5 g/L of PCs and 0.1 g/L of PCs. In these 2 last cases, the apparent rejection refers to P_Cs.

The permeate fluxes of the uremic toxins are represented in Appendix D.
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Figure 44 -Apparent rejection coefficient of each membrane to Uremic toxins: Urea, P_cresyl sulfate (PCs),
solution with 0.1 g/L of PCs +0.5 g/L of Bovine Serum Albumin (BSA) and solution with 0.5 g/L of PCs and
0.1 g/L of Bovine Serum Albumin (BSA) apparent rejection coefficients this last solutions refers to PCs the
solutions at transmembrane pressure (AP:) of 0.5 bar. The f coefficients were determined under total

recirculation mode at, at maximum volumetric feed flow rate, a membrane surface area of Am = 13.2x10*

m-.
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Figure 45- Apparent rejection coefficient of each membrane to Uremic toxins: Urea, P_Cresyl sulfate (PCs),
solution with 0.1 g/L of p-CS +0.5 g/L of Bovine Serum Albumin (BSA) and solution with 0.5 g/L of p-CS and
0.1 g/L of Bovine Serum Albumin (BSA) at transmembrane pressure(AP:) of 1 bar. The f coefficients were
determined under total recirculation mode, at maximum volumetric feed flowrate (Qf = 3.27 L/min), a
membrane surface area of Am = 13.2x10* m°.
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Figure 46- Apparent rejection coefficient of each membrane to Uremic toxins: Urea, P_Cresyl sulfate (PCs),
solution with 0.1 g/L of p-CS +0.5 g/L of Bovine Serum Albumin (BSA) and solution with 0.5 g/L of p-CS and
0.1 g/L of Bovine Serum Albumin (BSA) at transmembrane pressure( AP:) of 2 bar. The f coefficients were
determined under total recirculation mode, at maximum volumetric feed flowrate (Qr = 3.27 L/min) , a
membrane surface area of Am = 13.2x10* m?.
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Figure 47- Apparent rejection coefficient of each membrane to Uremic toxins: Urea, P_Cresyl sulfate (PCs),
solution with 0.1 g/L of PCs +0.5 g/L of Bovine Serum Albumin (BSA) and solution with 0.5 g/L of PCs and
0.1 g/L of Bovine Serum Albumin (BSA) at transmembrane pressure (AP:) of 3 bar. The f coefficients were
determined under total recirculation mode, at maximum volumetric feed flowrate (Qr=3.27 L/min), a
membrane surface area of Am = 13.2x10* m?.

As it can see from Figure 44 to Figure 47, The apparent rejections of CA, CA/SiO; and
CA/SiO,_Ui066 membranes to the Urea solution(0.4 g/L and 4.6 g/L) are very low ,i.e. there is

practically no rejection. As expected, Urea permeation gives low rejections, because as
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mentioned before, Urea is considered a small water-soluble compound (MW < 500) [5,6] with
MW of 60 Da. In other hand, for CA/SiO,_G20 and CA_UiO66 membrane the rejections to Urea

are relatively high, principally in lowers transmembrane pressures.

In case of PCs is possibles to see the effect of transmembrane and that the apparent
rejections of these membranes to this uremic toxin are higher comparing with Urea permeation.
It can also be seen the effect of introducing MOF in CA membrane. The apparent rejection to Urea
increases by adding UiO66 in CA membrane, it clearly seen immediately at the transmembrane

pressure of 0.5 bar.

Relative to the last 2 two scenarios where PCs is binding with BSA, in the first stage (0.1
g/L of PCs with 0.5 g/L BSA) the apparent rejection of PCs are also higher comparing with the
permeation of PCs solution only. Moreover, in case of another scenario (0.5 g/L of PCs with 0.1
g/L of BSA), the apparent rejection coefficients (f) are lower than the first stage. This decrease of
apparent rejection is expected, because in the last case there are biggest free fraction of PCs, so

the rejection decreases.

6. Conclusions

CA membrane and CA/SiO2 membranes were successfully synthesized by combining phase
inversion and sol-gel techniques. Additionally, MOF-UiO66 was incorporated by direct dispersion
method. CA and CA/SiO2 membranes were subjected to post-treatment using surfactant as
aqueous solutions of glycerol (20%) (G20) or aqueous solution of triton-X-100 (4%) and glycerol

(20%) (GT).

By differential scanning calorimetry (DSC) it was shown that, on cooling, most of water
recrystallizes at temperatures close to -18 °C, as expected for bulk water. On the other side, water
evaporation depends on the membrane, occurring at approximately 30 degrees below for
CA/SiO2 and CA_UiO66 membranes relative to CA. In the post-treated membranes, there is no

signal of bulk water recrystallization on cooling (and on heating).
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Relatively to the crystallinity degree it depends on the membrane composition following
this order: CA/SiO; (28%), CA (14%), CA/SiO,_UiO66 (10%) and CA_UiO66 (8%). Regarding the
glass transition temperature, it is almost unaffected by the presence of SiO; and/or UiO66; on the
other hand, it is shifted to lower values when CA are fully amorphous. The presence of glycerol
and/or triton-X-100 does not significantly change the glass transition and the melting enthalpy is

extremely higher than untreated membranes.

The molecular mobility was probed by dielectric relaxation spectroscopy (DRS). The main
result refers to the reduction of the number of relaxation modes observed at lower temperatures,
that changes from five detected in CA to three observed in hybrid membranes with or without
UiO66. These relaxations are principally related to the water presence in the samples, given that
after heating above 250 °C, both number and intensity are significantly depleted in all studied
membranes. All the detected relaxations follow an Arrhenius temperature dependence of the
corresponding relaxation times. In the post-treated membranes, the dynamical signature of the
glass transition of glycerol is clearly observed probing that this compound keeps in the

membranes after post-treatment.

Regarding the me membrane selective analysis, the incorporation of UiO66 decreases the
L, of the CA based membrane from 10 to 3 Kg/(h.m?.bar) and increases the L, of the CA/SiO;
membrane from 4 to 22 Kg/(h.m?.bar). The CA/SiO2_G20 holds the lowest hydraulic permeability
(2 Kg/(h.m2.bar)).

The incorporation of UiO66 decreases the MWCO of the CA membrane from 22 to 8 kDa
and increases the MWCO of the CA/SiO; based membrane from 14 to 19.5 kDa. The CA/SiO,_G20

membrane holds the lowest value of MWCO, 6 kDa.

Regarding the salts permeation, the incorporation of UiO66 results to higher salt rejection
coefficients for CA based membrane and to lower salt rejection coefficients for the CA/SiO;
membranes. CA/SiO> and CA/SiO,_G20 membranes displays higher rejection coefficients to
NazSO04 to NaCl.

The lowest coefficients to Urea and P_Cresyl sulfate are displayed by the
CA/SiO2_UiO66 membrane.
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In BSA/P_cresyl sulfate solutions the rejection coefficients to p_cresyl sulfate are
very high when the BSA concentration is higher, and they decrease drastically when BSA

concentration is lower.

6. Perspective of Future works

e Characterization methods such as Scanning Electron Microscopy (SEM), X-Ray
Photoelectron (XRP), Nuclear Magnetic Resonance (NMR) to show the presence of SiO;
and UiO66.

e FTIR, to see the interactions regarding UiO66 and Glycerol.
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9. Appendix

Appendix A: Temperature Correction of the Permeate Fluxes
All the solutions used in the permeation studies were dilute enough to be classified as water.

However, the density and viscosity of water are: p=997.077 kg/m? and p=0.8949x 1073 1/m.s
respectively.

The viscosity (x 1073 kgm~1s~1) is given as function of temperature by these following
correlations:

2044
In(y) = —6.96 + — 287.15 < T(K) < 308.15
1983 . < .
In(u) = ~6.78 + —— 287.15 <T(K) < 318.15
1749 . < .

Knowing: Jw = Lp xAPy, in terms of Jm, permeate mass flux, in the following form:
L*
Jm = pfAP
Moreover, Nether Lp nether AP depends on temperature:
THu(T
Jm (M) L x AP
p(T)

It was possible to correlate the permeate fluxes with different temperature through the following
equation:

Jmit _ Jmalt2

P1 P2
In this case in order to J,,, (J22°¢):
_ P2mit
me P12
Where J,,.» , U, p; corresponds to: J22°C, u?5°C, p25°C respectively.
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Appendix B: Calibration Curve (Rotameter calibration)

Qg(L/min)=0.0332 x rotameter(%)

- R?=0.9995
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Figure 48- Calibration curve of Rotameter with pure water flowrate(L/min), as a function of
rotameterscale, in rot (%). The equation is the result of a linear fit: Qr = 0.033 X
Rotameter(%), with the respective coefficient of correlation, R?=0.99.

Appendix C- TOC calibration curves of Uremic toxins

Appendix C.1-Calibration curve of P_CS by US-Vis spectroscopy

ABS = 0.00204{PCs], R? = 0.9997
03 - ¥
ﬁ o
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Figure 49- Us-Vis spectroscopy Calibration curve with following solutions of P-cresyl

:25 ppm, 50 ppm,

75 ppm, 100 ppm, 125 ppm and 150 ppm. Regression line given by: Absorbance (ABS)=0.002x[PCs](in
ppm),(Absorbance measure in 265nm) with the respective coefficient of correlation, R2=0.9995.
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Appendix C.2- Calibration curve of Urea 200-1000ppm

[TOC](ppm C) = 0.1938 x [Urea], R? = 0.9997
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Figure 50- TOC calibration curve with solutions of Urea: 200 ppm, 400 ppm, 600 ppm, 800 ppm, 1000
ppm, with regression line given by: [TOC](in ppm of Carbon)=0.1938x[Urea](in ppm), and respective
coefficient of correlation, Rr=0.9997.

Appendix C.3- Calibration curve of Urea 500-3000ppm

[TOC]( ppmC )= 0.1984 x [Urea], R? = 0.9998
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Figure 51- TOC calibration curve with solutions of Urea: 500 ppm, 1000 ppm, 1500 ppm, 2000 ppm, 2500
ppm and 3000 ppm, with regression line given by: [TOC](in ppm of Carbon)=0.1984x[Urea](in ppm), and
respective coefficient of correlation, Rr=0.9998.
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Appendix D- Mass Flux Permeability of Uremic toxins: Urea, PCs and Pcs+Albumin(BSA)

Table 15- Mass flux permeability (Jp) of Kg/h.m2 of each membrane to 400 ppm of Urea solution at
transmembrane pressure (AP,) of : 0.5,1,2,3 bar.

Permeate flux (Jp)(Kg/m2.h) 400 ppm Urea
APt/Membrane CA CA_UiO66 CA/SiO,_Ui066 CA/SiO, CA/SiO,__G20
0.5 3.7 1.5 11.5 2.8 0.8
1 8.5 2.0 17.1 4.4 2.0
2 18.1 4.4 34.1 11.0 4.0
3 29.5 8.3 69.9 17.3 6.9

Table 16- Mass flux permeability (Jp) of Kg/h.m2 of each membrane to 4600 ppm of Urea solution at
transmembrane pressure (AP,) of : 0.5,1,2,3 bar.

Permeate flux (Jp)(Kg/m2.h) 4600 ppm of Urea
APt/Membrane CA CA_UiO66 CA/SiO,_Ui066 CA/SiO, CA/SiO,_G20
0.5 4.9 1.2 10.2 2.3 0.7
1 8.7 1.9 18.2 4.3 1.5
2 21.2 5.5 53.8 12.5 4.6
3 28.7 7.0 68.5 17.2 5.5

Table 17- Mass flux permeability (Jp) of Kg/h.m2 of each membrane to 100 ppm of PCs solution at
transmembrane pressure (AP;) of : 0.5,1,2,3 bar.

Permeate flux (Jp)(Kg/m2.h) 100 ppm of PCs
APt/Membrane | CA CA_UiO66 CA/SiO,_UlO66 CA/SiO, CA/SiO,_G20
0.5 4.9 1.1 7.5 2.3 0.8
1 7.4 1.9 16.9 4.1 1.5
2 17.8 5 41.9 10.8 3.9
3 31.0 9 73.9 18.8 7.5

Table 18- Mass flux permeability (Jp) of Kg/h.m2 of each membrane to 100 ppm of PCs solution at
transmembrane pressure (AP;) of : 0.5,1,2,3 bar.

Permeate flux (Jp)(Kg/m2.h) 100 ppm of PCs + 500 p

pm of BSA

APt/Membrane CA CA_Ui066 CA/SiO,_Ui066 CA/SiO CA/Si0,_G20
0.5 5.30 0.94 11.87 1.94 0.83
3.96 0.95 12.32 2.45 0.84
8.25 4.30 52.25 10.29 2.37
10.13 7.09 73.12 14.54 4.45
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Appendix E: Fitting HN parameters and temperature interval of each process

Table 19- Fitting parameters aun, By and T range for CA/SiO,, CA_UiO66 and CA/SiO,_UiO66 membranes

CA/SiO; CA_UiO66 CA/SiO,_UiO66
Process Proces | Process | Proces | Proces | Proces | Proces | Proces | Proces
0 sl 2 sO sl s2 sO sl s2
OlHN 0.36 0.7 0.8 0.69 0.4 0.63 0.7 0.4 0.7
Bun 0.7 1 1 1 0.73 1 1 0.5 1
AT (°C) [-110,- [- [-55,5] [- [-120,- | [-60,5] | [-120,- | [-120,- [-60,-
75] 110,0] 120,5] 85] 5] 90] 5]

Table 20- Fitting parameters aun, Banv and T range of CA_G20 and CA/SiO, G20 membranes.

CA_G20 CA/SiO,_G20
Process Process Process
Process 1 | Process 2 3 Process O | Process1 2 3
OlHN 0.56 0.51 0.6 0.36 0.7 0.76 0.7
Bun 0.65 1 1 0.7 1 1 1
[-110,- [-110,-
T range (°C) 15] 75] [-80,25] | [-110,-70] | [-110,-70] [-75,5] [-70,55]

Table 21- Fitting parameters aun, Biv and T range of CA_GT and CA/SiO,_GT membranes.

CA_GT CA/SiO,_GT
Process | Proces | Proces | Proces | Proces Process O Process 1 | Proces
0 s2 s3 s4 s2
(o FIIN 0.5 0.5 0.47 0.7 0.6 0.5 0.4 0.5
Bun 1 0.7 1 1 1 1 0.4 1
T range (°C) [-110,- [-105,- [ [-30,40 [-115,-70] [-110,- [-75,5]
75] 80,10] 70] 80,40] ] 95]
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Appendix F
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Figure 52- Isothermal data collected at -100(a), -65(b) and -5 °C(c). The individual HN fitting functions
used are blue and green lines, and the overall fit is depicted as red line and with the corresponding
parameters of HN function for CA/SiO; membrane.
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Figure 53- Isothermal data collected at -100(a), -65(b) and -5 °C(c). The individual HN fitting functions
used are blue and green lines, and the overall fit is depicted as red line and with the corresponding
parameters of HN function for CA/SiO, UiO66 membrane.




