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Abstract 

A novel cellulose acetate-based monophasic hybrid skinned amine-functionalized CA-SiO2-(CH2)3NH2 

membrane was synthesized by an innovative method which combines the phase inversion and sol-gel 

techniques. 

The morphological characterization was performed by Scanning Electron Microscopy (SEM), and the 

chemical composition was analyzed by Fourier Transform Infrared Spectroscopy in Attenuated Total 

Reflection mode (ATR-FTIR). The characterization of the monophasic hybrid CA-SiO2-(CH2)3NH2 

membrane in terms of permeation properties was carried out in an in-house built single hemodialysis 

membrane module (SHDMM) under dynamic conditions. Permeation experiments were performed to 

determine the hydraulic permeability (LP), molecular weight cut-off (MWCO) and the rejection 

coefficients to urea, creatinine, uric acid, and albumin.  

SEM confirmed the existence of a very thin (< 1 µm) top dense layer and a much thicker bottom 

porous surface, and ATR-FTIR showed the main bands belonging to CA based membranes. 

Permeation studies reveal that the LP and MWCO of the CA-SiO2-(CH2)3NH2 membrane is 

89.40 mL.h-1.m-2.mmHg-1 and 24.5 kDa, respectively, and that the LP is 1.8 times higher when 

compared to a pristine cellulose acetate membrane. Furthermore, the CA-SiO2-(CH2)3NH2 membrane 

fully permeates urea, creatinine, and uric acid while completely retaining albumin. Long-term filtration 

studies of albumin solutions indicate that fouling does not occur at the surface of the 

CA-SiO2-(CH2)3NH2 membrane. 

Keywords: monophasic hybrid membrane; sol-gel; phase inversion; blood purification; ultrafiltration; 

cross-flow filtration; convection; hemodialysis 

  



vi 

 

  



vii 

 

Resumo 

Uma nova membrana híbrida monofásica, baseada em acetato de celulose e funcionalizada com 

grupos amina, CA-SiO2-(CH2)3NH2, foi sintetizada através de um método inovador que combinas as 

técnicas de inversão de fases e de sol-gel.  

A caracterização morfológica da membrana foi conseguida através de Scanning Electron Microscopy 

(SEM) e respetiva composição química foi analisada através da técnica de espetroscopia Attenuated 

Total Reflection - Fourier Transform Infrared (ATR-FTIR). A caracterização da membrana híbrida 

monofásica CA-SiO2-(CH2)3NH2, em termos de propriedades de permeação, foi levada a cabo em 

condições dinâmicas, num módulo de hemodiálise de membrana única (SHDMM), previamente 

desenhado e projetado pelo laboratório. Os ensaios de permeação visaram a obtenção de 

parâmetros como a permeabilidade hidráulica (LP), o valor de cut-off (MWCO) e os coeficientes de 

rejeição à ureia, creatinina, ácido úrico e albumina.  

A análise SEM à membrana confirmou a presença de uma camada densa e fina (< 1 µm), adjacente a 

uma estrutura porosa, de espessura superior. A técnica de ATR-FTIR revelou a presença das 

principais bandas correspondentes a membranas baseadas em acetato de celulose. Os ensaios de 

permeação da membrana híbrida CA-SiO2-(CH2)3NH2 demonstraram um LP de 

89.40 mL.h-1.m-2.mmHg-1 e um cut-off de 24.5 kDa, tendo-se verificado um aumento de LP em 1.8 

vezes, quando comparada com uma membrana pura de acetato de celulose. Observou-se, ainda, a 

total permeação da membrana às toxinas em estudo, ureia, creatinina e ácido úrico, e completa 

retenção da albumina. Adicionalmente, não houve evidências de colmatação da membrana durante o 

ensaio de filtração de longa-duração da albumina. 

Palavras-chave: membrana híbrida monofásica; sol-gel; inversão de fases; purificação de sangue; 

ultrafiltração; filtração tangencial; convecção; hemodiálise  
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1. Introduction 

Life as we know it, knows not how to thrive without membranes. Indeed, they are one of the main 

constituents of every living cell but more surprisingly, they have scaled-up into our daily lives. Since 

1965, membrane technology has earned its prominent role in industrial applications, displacing 

conventional separation processes – a deed mainly owing to the capital and energy efficiency of 

membrane processes [1]. Their applications range from desalination of seawater and brackish water, 

assuring water supply to areas with no access to alternative sources, to integrated steps for cheese 

and wine production. They are the core components of fuel cells and electrolysis, besides playing an 

active role in the efficiency of hydrogen production and processing in refineries, and enabling the 

concentration and purification of macromolecular solutions in the food and drug industry [2]. But 

perhaps more remarkably, membranes have been incorporated in medical and engineering 

processes, such as the field of artificial organs.  

Artificial organs comprise complex medical devices with active mechanical or biomechanical functions 

that aim on duplicating or augmenting a specific function in the human body [3,4]. They can be either 

surgically implanted or extra corporeal – in which the blood is temporarily processed outside the 

patient’s body. Among these devices are those that mimic functions of the heart, lungs, kidneys, liver 

and pancreas [4].  

Recently, KidneyX, a public-private partnership between the U.S. Department of Health and Human 

Services and the American Society of Nephrology launched the Artificial Kidney Prize, a competition 

that intends on accelerating artificial kidney development toward human clinical trials [5]. The 

motivations underlying this endeavor derive from chronic kidney disease (CKD), a growing public 

health concern affecting 11-13% of the global population [6], defined by an irreversible worsening of 

renal function which can lead to end stage renal disease (ESRD). The progressive loss of kidney 

function is linked to the retention of metabolic waste products, also known as retention solutes or 

uremic toxins (UTs), normally excreted by healthy kidneys. Currently, about 3 million ESRD patients 

receive renal replacement therapies to survive, either in the form of dialysis or, in the case of a small 

subgroup, kidney transplantation [7].  

Kidney transplantation is, on average, associated with better clinical outcomes than dialysis. However, 

kidney transplant rates are lessened by the scarcity of donors, infection risks and sequelae of life-long 

immunosuppression [8]. 

Hemodialysis (HD) is used to re-establish body water solute concentrations that cannot be achieved 

by the natural organ and comprises the vast majority of kidney replacement therapy worldwide [8–10]. 

The hemodialyzer is the key component of the extracorporeal blood circulation circuit as it is 

responsible for removing accumulated uremic toxins and water while simultaneously retaining vital 

blood components, such as proteins, through a bundle of semi-permeable membranes [11]. In this 

sense, the dialyzer acts as an artificial kidney.  
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The following sections will display an overview on membrane fundamentals and membrane 

processes, culminating on membrane advances towards blood purification devices.  

1.1. Fundamentals of membranes 

A membrane is defined as a permselective barrier, or interphase, that establishes a boundary between 

two phases and allows preferential permeation of certain species, while retaining others [2,12]. The 

membrane controls the exchange of mass between two bulk phases, impelled by a driving force. The 

latter may be caused by diffusion of individual molecules or by convection induced by gradients in 

electrical potential, concentration, pressure or temperature [13,14]. 

In membrane processes, two types of filtrations can be distinguished, namely, dead-end and cross-

flow filtration, with the latter being represented in Figure 1-1. These can be distinguished with regard 

to the direction of the feed stream relative to the orientation of the membrane surface.  

Dead-end filtration is the most common process for small-scale separation, especially in water 

treatment. In this approach, the feed and permeate are both perpendicular to the surface of the 

membrane. This filtration is, however, prone to fouling, consequently leading to increased resistance 

and reduced permeate flux [15–17].  

Cross-flow filtration refers to the system in which the feed flows parallel, or tangentially, to the 

membrane surface. The shear force exerted by the flowing feed stream on the membrane surface aids 

the removal of deposits that cause a decrease of permeate flux [18]. Hence, this mode is particularly 

useful for filtering highly concentrated solutions, macromolecules, or even larger components such as 

cells and proteins [15,16]. When compared to dead-end filtration, more complex equipment is 

required, resulting in increased operating costs due to the higher energy requirements to circulate the 

feed flow [18]. 

 

Figure 1-1. Simplified scheme of cross-flow filtration. Adapted from [19]. 

The feed stream is constituted by an aqueous solution of a certain solute, or a mixture of solutes, and 

flows tangentially to the permselective membrane. Filtration occurs perpendicular to the membrane 

and the permeate stream is composed by the preferentially permeated solutes and water. The 

retentate stream, on the other hand, is enriched with the least permeable components, that is, the 
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solutes that have been rejected by the membrane [1,15]. Furthermore, selectivity and thus, 

performance, of a membrane to a fluid mixture is generally expressed by the rejection coefficient (R), 

a parameter reflecting the fraction of solute that is actively rejected by the membrane [2,12,15]. 

The composition and structure of a membrane dictate not only its performance but most importantly its 

function [14]. To a certain extent, membranes can be tailormade so that their separation properties 

meet the requirements of a specific separation task.  

Figure 1-2 schematically shows the classification of according to their morphology, contemplating 

symmetric and asymmetric cross-section structures. 

 

Figure 1-2. Classification of synthetic and cellulosic membranes based on materials of construction, structural 

attributes, and configuration. Adapted from [20]. 

Symmetric membranes are characterized by having uniform cross-section structures, which may be 

porous or non-porous, in the case of symmetric microporous and symmetric dense membranes, 

respectively. The latter consists on a dense homogeneous film where separation of different chemical 

species takes place according to their solubility in the film [2,14]. The resistance to mass transfer in 

symmetric membranes is determined by the total membrane thickness, which ranges roughly from 10 

to 200 μm [12]. These membranes are widely used in processes such as dialysis, microfiltration and 

ultrafiltration [20]. 

Asymmetric membranes are characterized by a non-uniform cross-section structure, comprising a very 

thin (0.1 to 1 μm) active top dense layer (or skin layer) on a highly porous, thicker (50 to 200 μm) 

sublayer [2,20,21]. The top dense layer governs the selectivity and performance of the membrane and 
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is largely responsible for the resistance to mass transfer [12], while the porous sublayer provides 

mechanical strength to the membrane and has a negligible effect on the selectivity properties [2,22]. 

The nature of the dense skin layer (type of polymer, available spaces between polymer chains and/or 

pore size, etc.) is responsible for selectivity characteristics and the membrane thickness is intimately 

related to the mass transport properties. Specifically, the mass transport rate is inversely proportional 

to the resistance of the membrane, which in turn is inversely proportional to the mass transport 

coefficient [2]. Asymmetric membranes are primarily used in pressure-driven separation processes, 

including reverse osmosis, nanofiltration, ultrafiltration, microfiltration and gas separation [20,23]. 

Figure 1-3 shows the schematic representation of asymmetric membranes. When the material of the 

top dense layer and the porous sublayer of an asymmetric membrane are the same, the membrane is 

referred to as an integrally skinned asymmetric membrane. These types of membranes are typically 

prepared through the phase inversion technique which is discussed in section 1.1.2. On the other 

hand, if the material of the top skin layer is different from the material of the porous sublayer the 

membrane is designated by a composite membrane, which is generally obtained by depositing an 

extremely thin polymer film on a microporous substructure [2,22,23]. 

 

Figure 1-3. Schematic cross-section representations of asymmetric membranes (integrally skinned and 
composite). Adapted from [24]. 

In contrast to the microporous symmetric membranes, which act as traditional filters that often retain 

particles in their pores with subsequent fouling and decline of permeation fluxes, the asymmetric 

membranes act as surface filters retaining the rejected material at the membrane surface, before the 

solutes reach the pores of the porous substructure, and therefore avoiding or delaying pore blocking 

and fouling [21], as depicted in Figure 1-4. Furthermore, the rejected material is prone to be removed 

by shear forces at the membrane surface imposed by the parallel flow of the feed stream [2]. 
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Figure 1-4. Schematic representation of the filtration behavior of a) asymmetric and b) symmetric membranes. 
Adapted from [2]. 

Asymmetric membranes have a central place in membrane separation technology due to the fact that 

they combine the high selectivity of a dense membrane with high permeation fluxes of thin 

membranes [2,21]. These membranes are primarily used in pressure-driven processes, such as 

reverse osmosis and ultrafiltration, which are discussed in section 1.2.  

1.1.1. Membrane geometries and modules 

In an industrial scenario, where hundreds to thousands of square meters of membranes are required 

to perform the required separation process, the economic and efficient packaging of large membrane 

areas is of imperative need [24]. There are four types of membrane modules used in applications, 

namely, plate-and-frame, tubular, spiral-wound and hollow fiber [15,18]. 

The plate-and-frame is the earliest and simplest configuration but apart from being cost-intensive, is 

associated with leaks caused by the gasket seals [18,24]. They are employed in pervaporation 

systems and in a limited number of highly fouling reverse osmosis and ultrafiltration applications. 

Tubular modules are contemporary to the plate-and-frame but are now generally limited to 

ultrafiltration applications, for which the benefit of resistance to membrane fouling outweighs their high 

cost [24].  

Currently, due to their relatively high cost, tubular and plate-and-frame modules have been displaced 

by two other designs: the spiral-wound and the hollow fiber modules.  

Spiral-wound modules were originally used in a number of early artificial kidney (AK) designs but were 

fully developed for reverse osmosis systems. These have a similar configuration to the plate-and-

frame system but with the advantage of a larger filtration area per unit volume of the module [15]. 

Hollow-fiber modules are especially attractive, since their simple design allows large membrane areas 

to be contained in an economical system. They are used in gas separation, hemodialysis, and 

ultrafiltration. 

Although the module choice is greatly influenced by economic considerations, its functionality is 

determined by the type of application and should take into account factors such as packing density, 

fouling tendency and cleaning procedures [12]. 
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1.1.2. Phase inversion membranes 

Phase inversion is a versatile technique that allows various filtration characteristics and morphologies 

to be obtained, whereby a polymer is transformed in a controlled manner from a liquid state into a 

swollen three-dimensional macromolecular complex [12,14]. There are a number of phase inversion 

routes occurring in the fabrication of polymeric membranes, including immersion precipitation, 

thermally-induced phase separation, evaporation-induced phase separation and vapor-induced phase 

separation [15]. 

Integrally skinned asymmetric membranes are most commonly obtained through immersion 

precipitation or wet-phase inversion. In this technique, the polymer is dissolved in a suitable solvent or 

solvent mixture. The resulting polymer solution is cast into a film with thickness in the order of 

100-500 μm [20,23] on a suitable, inert support, by means of a casting knife. The cast film is then 

immersed in a nonsolvent or coagulation bath – water is usually preferred from an environmental point 

of view, but organic solvents can be used as well. After immersion, the solvent will diffuse into the 

coagulation bath, whereas the nonsolvent will diffuse into the cast membrane film. During this process, 

the polymer solution will eventually become thermodynamically unstable, allowing the formation of a 

two-phase system during liquid-liquid demixing: a polymer-rich phase, which upon solidification will 

ultimately constitute the structure of the membrane, and a solvent-rich phase, forming the liquid-filled 

membrane pores [12,15,25]. 

Figure 1-5 shows a ternary phase diagram which is generally used to explain the precipitation pathway 

of the casting solution during polymeric membrane formation by phase inversion.  

The path from A to D, indicated by the dashed line, represents the phase inversion route of a 

polymeric solution. In a first step, the original polymeric solution (point A in the binary diagram solvent-

polymer) is immersed into a non-solvent bath, whereby the exchange of solvent from the polymeric 

solution with the non-solvent from the bath occurs. This phenomenon comprehends two regions: the 

monophasic domain (dashed line between A and B) and the biphasic domain (dashed line between B 

and D).  

In the monophasic domain, during the solvent/non-solvent exchange, the polymer concentration at the 

surface increases, causing a decrease in the exchange speed of the process. Upon reaching the 

miscibility gap (point B) and entering the biphasic domain, the polymer reaches its solubility limit and 

starts to precipitate. Here, the continuous replacement of the solvent by the non-solvent will induce 

solidification of the polymer-rich phase (point C), after which the asymmetric structure of the 

membrane will be achieved. Eventually, the solution reaches point D, where both solid and liquid 

phases are in equilibrium (S-L tie-line). A solid, polymer-rich phase which forms the membrane 

structure is represented by point S and a liquid phase, which constitutes the membranes pores filled 

with non-solvent is represent by point L [25,26]. 
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Figure 1-5. Ternary phase diagram representing the phase inversion process for polymer/solvent/non-solvent 
systems. Adapted from [15]. 

The performance characteristics of phase inversion membranes depend on two factors: i) casting 

solution composition (polymer:solvent ratio, type of solvent or solvent system, temperature, etc.) and 

ii) casting conditions (solvent evaporation time, humidity, temperature, coagulation medium, etc.) [14]. 

Furthermore, asymmetry in membrane structure results of the more rapid desolvation which occurs at 

the interface between the polymer solution and the gelation medium [27].  

1.1.3. Sol-gel technique 

The sol-gel process is a bottom-up approach that represents a powerful and versatile strategy for the 

preparation of functional inorganic and hybrid materials that facilitate control over the molecular 

composition, as well as organization of the materials at the various length scales [28]. The term sol-gel 

is associated with the chemical transformation of a system from a colloidal suspension of 

submicrometer-sized particles in a monomer solution, or a liquid sol, into a three-dimensional 

interconnecting network phase, or a gel [28–30]. The transition between the sol into the gel phase is 

achieved via controlled hydrolysis and condensation of inorganic (e.g., halide or nitrate metal salts) or 

metal-organic (e.g., metal alkoxides) precursors within a solvent, upon the addition of a catalyst (e.g., 

a base or an acid). The resulting material consists of a continuous solid backbone with high porosity 

that encloses the liquid phase [28]. Applications of functional materials derived from sol-gel include 

fields such as controlled release, protective coatings, adsorption and separation [31]. 

Moreover, the sol-gel reaction conditions are mild, in the sense that they mostly take place at room 

temperature and pressure, and the ability to synthesize solid-sate materials from molecular precursors 

not only provides control over the composition, purity and homogeneity of the materials, but also 
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enables the molecular organization to be precisely manipulated [28,32]. Aside from the composition 

and microstructure control at the molecular level, sol-gel provides the ability to shape the material by 

casting bulk gels in precision molds, spinning fiber or dip coating thin films [33]. The result is an 

increased chemical, mechanical and thermal stability without compromising the properties of the 

polymers [34,35]. 

The sol-gel synthesis of silica is based on the hydrolysis and condensation of silicon alkoxides. 

Hydrolysis generates reactive silanol groups, whereas condensation leads to the formation of bridging 

oxygen. Since its inception, sol-gel methods have typically involved the use of tetraethyl orthosilicate 

(TEOS) as a principal silica forming agent. The first reason for using TEOS is the ease of sol-gel 

hydrolysis and condensational reactional processes, followed by the formation of robust networks with 

tunable reactivity and a high degree of control, affordable through simple variations in the synthesis 

conditions, such as pH, temperature, and additives. Other reasons include the ease of in situ 

functionalization through the incorporation of organic molecules, polymers, and biomolecules in the 

reaction vessel [36].  

As silicon alkoxides are not very sensitive to hydrolysis, the addition of an acid or base catalyst 

promotes enhanced hydrolysis and condensation rates [37]. At the function group level, three 

bimolecular nucleophilic reactions are generally used to describe the sol-gel process, through 

hydrolysis and subsequent condensation of silicon alkoxides [33]: 

 ≡Si-OR+ H2O ⇌ ≡Si-OH+ROH (1-1) 

 ≡Si-OR+ RO-Si≡ ⇌ ≡Si-O-Si≡+ ROH (1-2) 

 ≡Si-OR+ HO-Si≡ ⇌ ≡Si-O-Si≡+ H2O (1-3) 

The hydrolysis reaction (Equation 1-1) replaces alkoxide groups with hydroxyl groups. Subsequent 

condensation reactions involving the silanol groups produce siloxane bonds and the by-products 

alcohol (Equation 1-2) or water (Equation 1-3).  

1.2. Pressure-driven processes.  

Membrane processes are continuous steady-state operations, which are mostly pressure-driven and 

rely on the use of synthetic or cellulosic membranes [1,13,38]. Among pressure-driven membrane 

processes are microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO) and 

gas separation (GS). The classification spectrum for these processes relies on the pore size of the 

membranes and applied pressure [20], as described in Table 1-1.  
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Table 1-1. Technically relevant pressure-driven membrane separation processes, their operating principles, and 
their application. Adapted from [2,39]. 

Separation 

process 
Membrane type Driving force 

Method of 

separation 

Range of 

application 

Microfiltration 

(MF) 

Symmetric 

microporous 

membrane 

0.1 to 10 μm pore 

radius 

Hydrostatic 

pressure 

difference 

0.1 to 1 bar 

Sieving 

mechanism due 

to pore radius 

and absorption 

Sterile filtration 

clarification 

Ultrafiltration 

(UF) 

Asymmetric 

microporous 

membrane 

1 to 10 nm pore 

radius 

Hydrostatic 

pressure 

difference 

0.5 to 5 bar 

Sieving 

mechanism 

Separation of 

macromolecular 

solutions 

Nanofiltration 

(NF) 

Thin film 

composite 

membrane 

0.5 to 2 nm 

Hydrostatic 

pressure 

difference 

5 to 40 bar 

Sieving 

Solution-diffusion 

mechanism 

Separation of salt 

and microsolutes 

from solutions 

Reverse 

osmosis 

(RO) 

Integrally skinned 

asymmetric 

membrane 

Hydrostatic 

pressure 

20 to 100 bar 

Solution-diffusion 

mechanism 

Separation of salt 

and microsolutes 

from solutions 

Gas 

separation 

(GS) 

Homogeneous or 

porous polymer 

Hydrostatic 

pressure 

concentration 

gradient 

Solubility, 

diffusion 

Separation from gas 

mixture 

MF is the oldest membrane process using dead-end filtration, with the advantages of very low capital 

cost and the recovery of a highly concentrated feed. Its separation mechanism is not only based on 

sieving, where the particles whose sizes are smaller than the pore size of the membrane are 

permeated while the larger particles are rejected; instead, in many cases, the particles to be separated 

are in fact adsorbed onto the surface of the pore, resulting in a significant reduction in pore size, 

contributing to fouling effects [1]. MF is primarily used in liquid clarification, removal of microorganisms 

from fermentation products during downstream processing and wastewater treatment.  

UF processes make use of membranes with asymmetric structures, where a dense skin layer is 

determinant on the resistance to mass transfer. Similarly to MF, UF processes operate at low 

pressures, typically between 0.5 to 5 bar [2,39], where the pressure gradient governs mass transport 

through the convective flux within the membrane. In such processes, a solution containing a solute of 
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molecular size notably greater than that of the solvent molecule is removed by the application of a 

hydraulic pressure. Hence, the selectivity of UF membranes is based on the difference in solute size, 

membrane properties and hydrodynamic conditions [15,40]. UF membranes are often operated in a 

tangential flow mode, thereby maximizing flux rates and filter life [2,21]. UF is perhaps the most widely 

used membrane process, next to MF, and intend on performing feed clarification, concentration of 

rejected solutes and fractionation of solutes, as well as treatment of industrial wastewater [13]. 

Interestingly, the convective properties of UF have been notably applied to renal replacement 

therapies such as hemodialysis [2]. UF is addressed in greater detail in section 1.3. 

NF membranes are used in processes wherein particles and dissolved macromolecules smaller than 

2 nm are rejected, thus being suited for rejection of low molecular weight organic compounds and 

multivalent ions, with its largest application being in water softening [21,41]. In RO membranes, the 

applied transmembrane pressure instigates selective movement of a solvent against its osmotic 

pressure difference [20]. This process removes most of the dissolved contaminants in water, thereby 

being widely used in potable water treatment plants [15]. In pair with NF, RO processes have high 

pressure requirements, which translates in high capital investments. 

As we move from MF through UF to NF, the size or molecular weight of the molecules to be separated 

diminishes and consequently the pore sizes in the membrane must become smaller. This implies that 

the resistance of the membranes to mass transfer increases and hence the applied pressure acting 

has the driving force has to be increased. [12] 

GS mostly resorts to nonporous symmetric membranes and is generally applied for hydrogen and 

natural gas separation, as well as CO2 capture. Compared to conventional technology used in GS, 

membrane technology offers minimal operating cost. The mechanisms by which the mechanism acts 

are strongly dependent on pore size distribution of the membrane, operating temperature and 

pressure, and nature of the membrane and permeating molecules [15].  

1.3. Mass transfer in ultrafiltration processes 

1.3.1. Solvent and solute transport 

The pure water flux through a membrane is directly proportional to the applied pressure, and can be 

plotted as a straight line, according to Figure 1-6, which is representative of an ultrafiltration scenario. 

However, when an aqueous solution is considered and the transmembrane pressure increases, the 

flux follows a similar trend to that of pure water until it reaches the maximum flux, or limiting flux, J∞. 

This constant is dependent on the nature of the feed and operating conditions, such as shear rate at 

the membrane, on the concentration in the bulk feed and on the mass transfer coefficient [12]. 
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Figure 1-6. Flux as a function of the applied transmembrane pressure for pure water and for an aqueous solution. 

Flux decline, as depicted in Figure 1-6 is linked to the resistance inherent to a membrane separation 

process. Aside from the evident resistance posed by the membrane itself, several other factors can 

contribute to an impaired mass transfer, among them concentration polarization.  

In UF and MF processes, the separation mechanism is broadly considered to be one of sieving where 

an increase in the applied pressure increases the flux. However, the effect of concentration 

polarization limits the practical flux rates due to a build-up of solute on the feed side of the membrane 

in the concentration boundary layer. At sufficiently high pressures, gelation of the macromolecules can 

occur resulting in the formation of a thin gel layer on the surface which can also act as a secondary 

membrane [14]. 

1.3.2. Polarization phenomena and fouling 

Fouling is a major concern, especially in pressure-driven membrane separation processes, and is 

defined as the deposition of retained particles on the membrane surface or inside its structure and 

occurs mainly in MF and UF, where porous membranes which are implicitly susceptible to fouling are 

used [12]. Conventional cleaning such as backwashing can remove the fouling, but with low efficiency. 

In this regard, alternative treatments have been suggested. Physical treatment has the ability to 

remove loose particles attached to the surface of the membrane, whereas chemical cleaning is used 

to remove adhered particles.  

The reduction of membrane performance, translated in the decline of permeate flux, shortening of the 

membrane life span and incurring high cost due to the high transmembrane pressure requirements, 

results not only from the fouling events but also from the concentration polarization, pore blocking, 

adsorption and gel layer formation [12,18]. These factors induce additional resistance on the feed side 

to the transport across the membrane.  
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Fouling and concentration polarization are commonly misconceived as one and the same; despite not 

being completely independent of each other, their distinction can rely on time-dependence: a 

continuous flux decline is attributed to fouling, while a decrease with subsequent flux stabilization over 

time reflects concentration polarization. Furthermore, a flux reduction that is reversible is usually 

associated to concentration polarization, whereas an irreversible flux reduction is due to fouling. 

Concentration polarization is a reversible occurrence whereby a concentration gradient is created 

between the concentrations of nonpermeating species due to accumulation of retained molecules at 

the membrane surface, where a boundary layer is formed. Polarization phenomena are inherent to 

membrane separation processes and linked to high fluxes, and its effect is especially severe in 

ultrafiltration. Indeed, a combination of high fluxes and high solute retention translates into the 

formation of a gel layer on the surface of the membrane, representing the maximum concentration of a 

given solute. As the solute reaches its maximum concentration at the membrane surface and is not 

capable of any further increase, the gel layer becomes thicker, implying an increase in the resistance 

of the gel layer to mass transport [13]. In the limiting flux region (Figure 1-6) an increase in pressure 

leads to an increase in the resistance of the gel layer, resulting in a constant flux. The gel 

concentration depends on size, shape, chemical structure and degree of solvation but is independent 

of the bulk concentration [12].  

In turn, pore blocking occurs when the particulates or solutes with small size distributions are 

introduced to the membrane body, and this can cause severe fouling.  

Despite being a complex phenomenon related to feed solution properties, nature of the membrane 

and operating conditions, control of fouling and polarization can be achieved, for instance, by 

modifying the membrane surface and optimizing operating conditions [18]. Increasing the feed velocity 

parallel to the membrane and, consequently the shear rate at the membrane surface, adequate 

cleaning methods, and changing the module shape and dimensions, for instance by decreasing the 

module length, are solutions to be considered. As aforementioned, porous membranes are more 

susceptible to fouling, such that a narrow pore size distribution can reduce fouling [14]. Furthermore, 

the use of  hydrophilic rather than hydrophobic membranes should be preferred, since proteins adsorb 

more strongly at hydrophobic surfaces and are less readily removed than at hydrophilic surfaces [42].  

The resistance to permeation of a membrane is a function of the membrane pore size, feed stream 

components, and the degree to which gel layer formation and fouling layer formation occur. Increasing 

the feed stream circulation rate will, as a general rule, reduce gel layer thickness and increase flux. 

Operation within the turbulent flow regime, may significantly enhance permeation by reducing both gel 

layer and fouling layer thickness through improved transfer of solids from the membrane surface back 

into the bulk stream [14].   
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1.3.3. Boundary layer film model 

A simplistic approach to the concentration polarization consists of assuming the existence of a thin 

layer of fluid, with thickness δ, between the membrane surface and the bulk solution, wherein 

concentration gradients govern mass transfer [24].  

The fluid flow in a channel typically exhibits a higher velocity in the center rather than near the surface, 

an effect that is mainly due to shear stress effects and fluid viscosity. At the surface of the membrane, 

the fluid velocity is zero and close to it, there is a small region of variable velocity – boundary layer 

[14]. 

The boundary layer can be considered as a concentrated solution through which solvent molecules 

permeate, with the permeability of this stagnant layer depending very much on the concentration and 

the molecular weight of the solute. The resistance exerted by this layer is far much greater for 

macromolecular solutes than for low molecular weight solutes [12].  

 

Figure 1-7. Boundary layer model for cross-flow filtration in which a concentration gradient is adjacent to the 

membrane surface. Adapted from [43]. 

The extent of concentration polarization is determined by the increase or decrease of the permeate 

concentration at the membrane surface, Cw, compared to the bulk solution concentration, CB. A 

measure of the extent of this phenomenon can be calculated through the ratio of these two 

concentrations – the concentration polarization modulus [12,24]. When the modulus assumes the 

value of 1.0, no concentration polarization occurs, but as the modulus deviates farther from 1.0, the 

effect of polarization on membrane selectivity and flux becomes increasingly important.  
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The most straightforward method of minimizing concentration polarization is to reduce the boundary 

layer and it could be done by increasing the feed flow velocity and thus, inducing turbulence mixing at 

the membrane surface [24,38].   
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2. Ultrafiltration membranes for blood purification 

Blood purification therapies are based on the extracorporeal treatment of blood and are widely used 

for the treatment of many disorders that are refractory to conventional therapies – like drug 

administration or  surgery [44]. Its mechanism of action is based on the removal of toxins or 

pathogenic agents from blood circulation through techniques including filtration, adsorption, or a 

combination of both. Due to its capacity in direct and rapid removal of pathogenic agents from 

patients, blood-purification therapy is employed in life support for organ failure. In this context, it is 

mostly applied through hemodialysis, used in the treatment of patients with renal failure. Suffice to say 

that these therapies are life-preserving treatments instead of a cure. 

2.1. Hemodialysis and renal replacement therapies 

The kidney is of paramount importance on the body’s waste disposal and acid-base regulation 

mechanisms, and its function can be characterized by a key parameter: the glomerular filtrate rate 

(GFR) [24,45]. The level of GFR correlates well, albeit not perfectly, with the likelihood of chronic 

kidney disease (CKD) associated to complications such as uremic syndrome, cardiovascular disease 

and anemia. A GFR below 60 mL/min/1.73 m2 together with the presence of protein in the urine 

sufficient to establish the diagnosis of CKD [45,46]. GFR quantification generally consists on 

evaluating the serum creatinine concentration to estimate kidney function and takes into account 

parameters that correlate with muscle mass such as age, sex, and body size [45]. 

As the GFR of renal patients decreases, the severity of CKD increases and most times than not, leads 

to end stage renal disease (ESRD) wherein patient survival is dependent on dialysis or kidney 

transplantation. The shortage of organ donors and related complications prevents transplants from 

being available to the vast majority of ESRD patients, thus leaving dialysis as the best alternative. 

Among dialysis therapy, two main modalities can be distinguished. Peritoneal dialysis (PD) relies on 

the lining of the abdomen – peritoneum – to act as a membrane, allowing exchange of toxins and 

extra fluid from the blood onto the dialysate, which is injected in the patient’s abdomen and drained 

out usually after 4-6 hours [47]. On the other hand, hemodialysis remains the leading modality by 

which ESRD care is delivered worldwide [48]. Each HD session performed in a dialysis center last for 

about 4 hours, at least three times per week [49,50]. Conventional HD is based on diffusive transport 

of solutes and is mainly effective on removing water-soluble small molecular weight solutes whereas 

the removal of solutes with larger molecular sizes is limited by diffusive resistance, such as β2-

microglobulin [48]. Thus, there has been significant effort since the 1970s to develop other dialysis 

modalities that mainly rely on convective mechanisms, namely hemofiltration (HF) and 

hemodiafiltration (HDF).  

The ultimate innovation in these techniques is the fact that they combine diffusive and convective 

solute transport but, unlike conventional HD and HDF, HF exemptss the use of a dialysate solution. 

Some of the molecular species cleared by the human kidney are known to be of a higher molecular 

weight than those removed in artificial kidneys. It has been speculated that these ‘middle molecules’ 
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are in some way responsible for the lack of complete well-being suffered by artificial kidney users. In 

hemodiafiltration, blood is ultrafiltered rather than dialyzed, and small as well as middle molecules are 

removed with the ultrafiltrate [2]. These three therapies share, nevertheless, a similar blood circuit.   

Blood cleansing resorts to an extracorporeal blood circuit which comprises the blood and dialysate 

compartments, and the membrane interface, enclosed in a dialyzer or artificial kidney. 

The first successful hemodialyzer was constructed by Kolff in 1945. Kolff’s device used dialysis to 

remove urea and other waste products directly from blood. A flat cellophane sausage casing formed 

the dialysis membrane, which was wound around a rotating drum immersed in a bath of saline. As 

blood was pumped through the tube, urea and other low MW metabolites diffused across the 

membrane to the dialysate down a concentration gradient. The cellophane tubing did not allow 

diffusion of larger components in the blood such as proteins or blood cells, not did it remove excess 

water. Kolff’s first tubular dialyzer required several liters of blood to prime the system – a major 

operational problem. Different configurations were developed to solve this problem, namely the hollow 

fiber, which by 1996 and up until now has more than 95% of the market [2].  

The vascular access is essential for an efficient HD procedure and can assume three types: 

arteriovenous fistula (AVF), arteriovenous graft, and central venous catheter. AVF remains the first 

choice for chronic HD as it is associated with longevity and the lowest rates of morbidity and mortality 

[51]. As the blood flows from the patient into the circuit, through inert or highly biocompatible material, 

its natural disposition is to coagulate. Therefore, anticoagulation is necessary and achieved via 

heparin-infusion, positioned after the pump and prior to the dialyzer inlet [2,8]. Further on, the blood 

enters the dialyzer where solute exchange and water removal takes place, and flows back into the 

patient, as depicted in Figure 2-1.  

 

Figure 2-1. Representation of the extracorporeal blood circuit characteristic of hemodialysis. Adapted from [52].
  

The HD membrane is the core of the AK, as it is responsible from removing accumulated uremic 

toxins, excess ions, and water, while simultaneously retaining vital components from the blood of 
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ESRD patients, as is the case of albumin. Furthermore, HD requires membranes with high blood 

compatibility, selectivity and fouling resistance, for which these conditions have been satisfied through 

the use of synthetic membranes [50].  

Hollow fiber dialyzers (Figure 2-2) lead the HD market and typically contain 0.8-2.2 m2 of membrane in 

the form of fibers with 0.1-0.2 mm in diameter [8,24]. A crucial advantage of the hollow fiber design is 

that only 60-100 mL of blood is required to fill the dialyzer [24].  

 

Figure 2-2. Schematic representation of a hollow fiber dialyzer and direction of blood and dialysate streams. 
Adapted from [24]. 

Through its transit in the dialyzer, the blood comes in contact with the dialysate solution, the 

composition of which is designed to resemble plasma, where the process of diffusion and convection 

are combined to achieve solute exchange and water removal across a bundle of semipermeable 

membranes [53]. Diffusion takes place according to a concentration gradient between the blood and 

dialysate compartments, and is dependent on the diffusive coefficients of the solutes and membrane 

properties, whereas ultrafiltration is the principle underlying convection. In the latter, transfer of fluid 

volumes accompanied by the removal of solutes is dependent on the UF flowrate and the solute 

sieving coefficient for the membrane [8].   

2.2. Membranes for the artificial kidney 

Traditionally, dialysis membranes have been broadly classified on the basis of their composition  as 

cellulosic or synthetic [54]. The earliest hemodialysis membranes consisted of regenerated cellulose 

that rendered small pore sizes allowing clearance of molecules smaller than 5000 Da into the 

dialysate and was associated with an inflammatory response [54]. Although cellulose has been used 

successfully in hemodialyzers for many years, there is some concern about the ability of the free 

hydroxyl groups on the membrane surface to activate the blood clotting process. When cellulose-

based dialyzers are reused, the membrane blood compatibility improves because a coating of protein 

has formed on the membrane surface [55]. In the early 1970s, in an attempt to enhance the 

hemocompatibility of regenerated cellulose membranes, researchers turned to modified cellulose 

materials, such as cellulose acetate (CA) and cellulose triacetate, where a large percentage of the 
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hydroxyl groups is replaced with an acetate radical, eliminating the active surface sites for 

complement protein interaction. This modification also led to the improvement of solute mass transfer 

[56]. Also occurring in this decade was the development of synthetic membranes, such as 

polyacrylonitrile (PAN) and polysulfone (PS) [57]. These latter membranes differed fundamentally from 

cellulosic materials not only in their polymeric composition but also in a number of other features, 

including larger pore size, decreased thickness, and hydrophobicity. Furthermore, they are less prone 

to complement activation. An attractive feature of some of the new synthetic polymer membranes is 

their ability to remove some of the middle molecular weight metabolites in blood. Cellulose 

membranes efficiently remove the major metabolites, urea and creatinine, from blood, but metabolites 

with MWs between 1000 and 10000 Da are removed poorly. Patients on long-term dialysis are 

believed to accumulate these metabolites, which are associated with a number of health issues [55]. 

Due to their hydrophobicity, synthetic HD membranes must be rendered hydrophilic before they can 

be used in HD, thus adding an extra step in the preparation process. Furthermore, their final 

hemocompatibility and filtration performance depends on the hydrophilization processes they are 

subjected to [58]. In terms of pore size, those of synthetic membranes are generally larger than 

cellulosic membranes [54], which allows for a faster extraction of water and potential removal of 

middle-sized and protein bound retention solutes [59]. 

Due to the higher water permeability and efficiency in the removal of UTs of larger molecular weight, 

the majority of HD membranes on the market today are made from synthetic polymers [60]. 

Nevertheless, the highly porous structure of synthetic membranes has disadvantages: studies focused 

on the dialysate/ultrafiltrate removed from patients subjected to high-flux HD identified the convective 

removal of useful and even vital compounds found in blood [59,60], such as albumin and vitamin D-

transporting protein [61]. At a much smaller scale, melt-spun CA membranes are being successfully 

used in HD [62,63], with studies reporting their low toxicity and reduced complement activation [64]. 

Limited chemical resistance, low mechanical strength, susceptibility to environmental degradation and 

limited shelf life are some of the drawbacks of cellulosic membranes [65]. To overcome these 

limitations, researchers have focused on the development of hybrid organic/inorganic materials which 

combine the rigidity and high thermal stability of the inorganic material with the flexibility, ductility and 

processability of CA. In this sense, this work follows the trend of synthesizing novel monophasic hybrid 

CA-SiO2-(CH2)3NH2 membranes, in which the inorganic and organic parts are covalently bonded [66].  

2.2.1. Uremic syndrome and challenges of toxin removal 

Uremic syndrome results from a malfunctioning of various organ systems due to the retention of 

compounds which, under normal conditions, would be metabolized by the kidneys and subsequently 

excreted into urine [67]. These biologically active compounds, also known as uremic toxins, play a 

prominent role in the progressive loss of kidney function in CKD patients, in addition to cardio-vascular 

and cerebrovascular damage due to their toxic effects [68]. Currently, over 140 UTs have been 

implicated in the pathogenesis of uremic syndrome [69] and are generally divided into 3 different 
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groups, a classification proposed by the European Uremic Toxin work group (EUTox) [70], according 

to their molecular weight and their relative affinity for protein binding: (1) small water-soluble 

compounds (MW < 500 Da); (2) middle molecules (MW ≥ 500 Da); and (3) protein-bound uremic 

toxins (PBUTs) (MW < 500 Da when free, > 66.5 kDa when bound to albumin) [69]. The prototype 

compounds for these major groups are identified in Table 2-1. 

Table 2-1. Different classes of uremic toxins, as proposed by the EUTox [70]. 

Class of molecules MW range 
Percentage of 

identified molecules 
Prototype 

Small water-soluble 

compounds 
< 500 Da 46% 

Urea 

(60 Da) 

Middle molecules ≥ 500 Da 28% 
β2-microglobulin 

(11 818 Da) 

Protein-bound 

compounds 

< 500 Da, 

when free 

> 66.5 kDa, 

when 

bound to 

albumin 

26% 
Indoxyl sulfate 

(213 Da) 

Current dialytic procedures only partially restore kidney function, as they are mainly effective in 

removing the small-water soluble compounds, which circulate without significant protein binding. As 

for the middle molecules, with relatively high MW, dialyzing through membranes with a larger pore 

size, the so-called high-flux membranes, may counteract the complications in standard dialysis, in 

which there is low to no removal of these compounds [71]. Studies have shown that high-flux 

membranes are reasonably efficient in removing middle molecules, whilst avoiding albumin leakage, 

which translates in a reduction of cardiovascular mortality by about 15% [72].  

The main challenge of toxin removal is attributed to protein-bound uremic toxins, for which clearance 

is impaired due to their high plasma protein binding, especially to human serum albumin [73]. The 

concentration of bound toxins is variable and depends on the binding affinity towards plasma proteins. 

However, when bound to these transport proteins, accounting for the greatest PBUT fraction, they 

form large size protein-toxin complexes which remain essentially untouched in therapy, as they are 

unable to permeate through the membrane. In most cases, protein binding is reversible, as both the 

toxin and the protein are involved in second order noncovalent binding, such as Van der Waals forces 

and hydrogen bonds [74]. In fact, it is only the free fraction of the PBUT that exerts biological action 

and is susceptible of being metabolized [69]. Among the most problematic PBUTs, conferring renal 

and cardiovascular toxicity, are indoxyl sulfate and p-cresyl sulfate, which are derived from dietary 

amino acid metabolites by colonic microbial organisms [75]. 
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Serum proteins have important physiological functions, which can maintain the osmotic pressure and 

the pH value of blood, and transport a wide variety of endogenous and exogenous compounds. 

Albumin is a family of globular proteins, the most common of which are the serum albumins. They are 

acidic, highly soluble and very stable proteins, commonly found in blood plasma, and are able to 

withstand temperatures of 60°C for 10h [76]. Moreover, albumin is a versatile transport protein for 

numerous molecules, including hormones, several important classes of drugs and endogenous 

toxins [74]. 

Bovine serum albumin (BSA) has been widely used as a model protein in various experiments for its 

structural homology with human serum albumin (HSA), easy preparation, high purity, and good 

dissolubility in water. BSA is a globular protein with dimensions of 4 nm x 4 nm x 14 nm, and its 

isoelectric point ranges of pH 4.0-5.0, which means that BSA molecules have the ability to be bound 

on the charged substances reversibly by changing the pH value [77]. It is considered as a fouling 

substance, since it is readily adsorbed on the surface of hydrophobic membranes [1,13]. 

The molecule of HSA consists of 585 amino acids forming one polypeptide chain, with a MW of 

66.439 kDa. The secondary structure of the protein contains about 67% helical structures next to 33% 

of turn and extended chain configurations without any β-sheets [78]. The three-dimensional structure 

of the protein (Figure 2-3) is formed by three homologous domains (I, II and III), each consisting of two 

subdomains (A and B).  
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Figure 2-3. Representation of human serum albumin. Domains I, II and III are shown in purple, blue and green, 
respectively; each of them comprising two subdomains A and B. Also represented are α-helices, as cylinders, and 
ligand binding site Sudlow’s site I in subdomain IIA and Sudlow’s site II in subdomain IIIA. Adapted from [76]. 

Despite being negatively charged at physiological pH (≈ 7.40), binding sites for anionic, neutral and 

cationic ligands coexist on the same molecule due to regional differences in charge distribution, 

confirming theversatile binding capacity of albumin [74]. The primary binding sites are commonly 

referred to as Sudlow’s sites I and II. In general, ligands that are bulky heterocyclic anions bind to 

Sudlow’s site I, whereas Sudlow’s site II ligands are aromatic and can be either neutral or bear a 

negative charge located peripherally on the molecule. Indoxyl sulfate and p-cresyl sulfate are reported 

to Sudlow’s site II [69,74]. 

The membrane under study in this work is functionalized with amine groups, which are envisioned to 

translate into preferential interactions with proteins present in the blood, especially albumin, that may 

or may not be bound to PBUTs. The monophasic hybrid membrane is fabricated under acid 

conditions, giving rise to the protonation of NH2 groups. Therefore, when in close contact with albumin, 

a strong electrostatic interaction between the positively charged −NH3
+ group from the hybrid 

membrane and the -COOH or -NH from albumin does occur. This electrostatic interaction may allow 

the displacement of PBUTs from albumin, which is guaranteed to be a breakthrough, since they are 

one of the main causes of comorbidities and mortality in dialysis patients, and are not yet removable in 

current therapies [79]. 
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2.3. Motivation and thesis objectives 

Currently, blood purification techniques focused on treating renal failure are mainly effective on 

removing water-soluble uremic toxins and are limited by the lack of protein-bound uremic toxins’ 

clearance from the blood of uremic populations. The aim of this study is to evaluate the potential of 

monophasic hybrid CA-SiO2-(CH2)3NH2 asymmetric membranes for application in blood purification 

devices such as HD, where the preferential permeation of uremic toxins and the retention of vital blood 

components such as albumin are mandatory. For this, a monophasic hybrid CA-SiO2-(CH2)3NH2 

asymmetric membrane containing 95 wt% CA and 5 wt% SiO2 + SiO2-(CH2)3NH2 was synthesized and 

characterized in an in-house built single hemodialysis membrane module under dynamic conditions. 

The functionalization of the membrane with amine groups is expected to translate into interactions 

between the membrane and proteins, such as albumin, allowing the displacement of protein-bound 

uremic toxins. For comparison purposes a pure CA membrane was also synthesized and 

characterized. The surface and cross-section morphologies of the membranes were characterized by 

scanning electron microscopy and the chemical composition was analyzed by Fourier transform 

infrared spectroscopy in attenuated total reflection mode. Permeation experiments were carried out to 

evaluate the membranes performance in terms of hydraulic permeability, molecular weight cut-off and 

rejection coefficients to a group of small water-soluble compounds and bovine serum albumin. 
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3. Materials and Experimental Methods 

3.1. Materials 

Membranes were synthesized with cellulose acetate (CA) (C6H7O2(OH)3, ∼30 000 g/mol, reagent 

grade ≥ 97%, esterification degree ~40%) from Sigma-Aldrich (Steinheim, Germany), tetraethyl 

orthosilicate (TEOS) (Si(OC2H5)4, 208.33 g/mol, reagent grade 98%), purchased from Alfa Aesar 

(Karlsruhe, Germany), 3-(triethoxysilyl)–propylamine (APTES) (C9H23NO3Si, 221.37 g/mol, reagent 

grade ≥ 98%) purchased from Sigma-Aldrich (Steinheim, Germany), formamide (CH3NO, 45.02 g/mol, 

≥ 99.5%) purchased from Carlo Erba (Val-de-Reuil, France), acetone (C3H6O, 58.08 g/mol, ≥ 99.6%) 

purchased from Labsolve (Zedelgem, Belgium), and nitric acid (HNO3, 63.01 g/mol, 1.39 g/mL at 

20°C, 65% v/v) purchased from LabSolve (Zedelgem, Belgium). 

Membranes drying was performed with isopropanol (≥ 99.8%) from Honeywell (Seelze, Germany) and 

n-hexane (≥ 95%) from Carlo Erba (Val-de-Reuil, France). 

Permeation experiments were carried out with urea (MW 60.06 g/mol) purchased from Merck 

(Darmstadt, Germany), creatinine (MW 113.12 g/mol) purchased from Sigma-Aldrich (Steinheim, 

Germany), uric acid (MW 168.11 g/mol) purchased from Alfa Aesar (Kandel, Germany) and bovine 

serum albumin (BSA) (MW 66.5 g/mol) purchased from Sigma-Aldrich (Steinheim, Germany). 

MWCO was studied using polyethylene glycol (PEG) 400 (MW 400 g/mol) purchased from Sigma-

Aldrich (Steinheim, Germany), PEG 3000 (MW 3000 g/mol), PEG 6000 (MW 6000 g/mol), PEG 10000 

(MW 10000 g/mol) purchased from Merck (Hohenbrunn, Germany), PEG 20000 (MW 20000 g/mol) 

purchased from Sigma-Aldrich (Steinheim, Germany) and PEG 35 000 (MW 35 000 g/mol) purchased 

from Merck (Hohenbrunn, Germany). 

Phosphate buffer saline used to dissolve BSA was prepared using sodium chloride (NaCl, 

58.44 g/mol, ≥ 99.5%) purchased from Merck (Darmstadt, Germany), potassium chloride (KCl, 

74.56 g/mol, ≥ 99.5%) purchased from Panreac (Barcelona, Spain), potassium dihydrogen phosphate 

(KH2PO4, 136.09 g/mol, ≥ 99.5%) purchased from Merck (Darmstadt, Germany) and disodium 

hydrogen phosphate dihydrate (Na2HPO4.2H2O, 177.99 g/mol, ≥ 99.5%) purchased from Merck 

(Darmstadt, Germany). 

Quantification of BSA was carried out according to the Bradford protein assay. Bradford reagent was 

prepared using Coomassie Brilliant Blue G-250 (C47H48N3NaO7S2, 854.04 g/mol) purchased from 

Panreac (Barcelona, Spain), ethanol (C2H6O, 46.07 g/mol, 96% v/v) purchased from 

Manuel Vieira & Cª (Torres Novas, Portugal) and phosphoric acid (H3PO4, 98.00 g/mol, 1.71 g/mL at 

20°C, reagent grade 85%) purchased from Honeywell (Seelze, Germany). 

All chemicals used in the synthesis, drying and characterization of the monophasic membranes were 

used without further purification. 
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3.2. Membrane synthesis 

The monophasic hybrid integrally skinned asymmetric CA-SiO2-(CH2)3NH2 membrane was prepared 

by coupling of the phase inversion method and sol–gel technique. The monomers that take part in the 

sol-gel reactions are represented in Figure 3-1. 

 

Figure 3-1. Cellulose-acetate structure (A) and sol-gel silica precursors: TEOS (B) and APTES (B). 

Functional groups play a significant role in directing and controlling organic reactions, in introducing 

design surface properties or in tuning mechanical performance. Amine-functionalization of the 

membrane through the use of APTES aims on taking advantage of the amine chemical versatility and 

high reactivity, due to its alkaline and nucleophilic character [76]. Chemical interaction between the  

amino groups of the membrane and carboxyl and/or secondary amine groups of BSA play the 

dominant role in BSA adsorption to the membrane surface [77]. 

The introduction of silica and subsequent formation of complex C-O-Si 3D networks is expected to 

enhance membrane selectivity and permeation properties, along with antifouling properties and 

mechanical stability, overcoming the limitations associated to pristine CA membranes [66,80]. 

The use of acetone as a solvent for cellulose acetate provides proper viscosity to the casting solution. 

In case the ratio of acetone to cellulose acetate was too low, very viscous casting solutions would 

result and could not be used to cast uniform films. Conversely, an overly high ratio would yield thin 

films which would become gelatinous upon immersion [81]. 

The role of formamide is essentially of pore promoter since it is not a true solvent for cellulose acetate 

[14,82]. In fact, formamide may be classified as a swelling agent [27,83] such that when cellulose 

acetate is exposed to it, the polymer swells as a result of the increase in the total volume of the 

polymer-liquid system. Furthermore, it increases the solvent power of acetone [27]. Given this, during 

exposure to air the more volatile solvent – acetone – evaporates from the cast film and the solution is 

brought to the point of polymer precipitation [14]. 

The casting solution of the monophasic hybrid CA-SiO2-(CH2)3NH2 membrane was prepared in two 

steps. Firstly, cellulose acetate, formamide and acetone were mixed in the reaction vessel to allow 

complete dissolution of cellulose acetate. Thereafter a 5h period of mixing, TEOS, APTES (to uphold 
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amine in situ functionalization) and nitric acid (as a catalyst) were added to the previous solution, 

promoting sol-gel hydrolysis and simultaneous or sequential hetero-condensation. The final solution 

was left on an agitation plate for another 19h, resulting in a total homogenization time of 24h.  

Similarly to the hybrid membrane, a reference casting solution of the pristine CA membrane was 

prepared by mixing cellulose acetate, formamide and acetone for a period of 24h. The compositions of 

both membranes, on weight basis, are represented in Table 3-1. 

Table 3-1. Casting solution compositions, on weight basis. 

 Casting solution composition 

 CA-SiO2-(CH2)3NH2 CA 

Cellulose Acetate 16.40 17.00 

Formamide 29.00 30.00 

Acetone 51.10 53.00 

TEOS 2.40 - 

APTES 0.64 - 

Nitric acid 12 drops - 

The addition of nitric acid provides the acidic environment necessary to catalyze sol-gel hydrolysis and 

hetero-condensation reactions. When these occur at pH ~3, above the isoelectric point of SiO2, the 

condensation rate is proportional to the concentration of hydroxide groups and the following reactions 

take place:  

 ≡Si-OH + OH-  
fast
→  ≡Si-O- + H2O 

(3-1) 

 ≡Si-O- + HO-Si 
slow
→   ≡Si-O-Si≡ + OH- 

(3-2) 

In these conditions, complete hydrolysis is achieved by nucleophilic attack, producing linear or highly 

branched polymeric species, with a continuous 3D fractal structure with nanopore diameters (< 2 nm) 

[84]. The subsequent homo-condensation step can occur between silanol groups from the inorganic 

phase originating inorganic nano/micro domains (Equation 3-2). Moreover, hetero-condensation 

between Si-OH groups from the inorganic phase and the C-OH groups from the polymer phase 

(Equation 2-3) may also occur, with formation of Si-O-C bonds (Equation 3-3: top and bottom 

products, respectively). The new hybrid casting solution is then cast to form a monophasic hybrid 

membrane, based on carbon, silica, and amine chemical species, originating complex carbon-silica 

networks.  
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(3-3) 

 

Prior to the casting, the glass plates as well as the casting knife were cleaned with acetone to ensure 

any impurities or polymer residues from past castings are eliminated. A 250 μm Gardner knife is then 

placed on the edge of the glass plate surface, where the casting solution will be distributed, and 

displaced at a constant velocity towards the opposite edge of the glass plate surface. Thereafter a 

solvent evaporation time of 30s, the film over the glass plate is immersed in the coagulation bath 

containing iced water at a temperature of 4 ± 1 °C. After a residence time of approximately 3h in the 

coagulation bath, the CA and CA-SiO2-(CH2)3NH2 membranes were detached from the glass plate and 

stored separately in deionized water at 4 ± 1 °C. The membrane composition is evidenced in Table 

3-2. 
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Table 3-2. Hybrid membrane composition, on molar basis.  

 Membrane composition 

 CA-SiO2-(CH2)3NH2 

Cellulose Acetate 0.031 

SiO2 0.660 

SiO1.5-(CH2)3NH2 0.166 

SiO2 + SiO1.5-(CH2)3NH2 0.826 

Non-functionalized SiO2 / Total SiO2 

(i.e. TEOS / TEOS + APTES) 
80 

Amine functionalized silica / Total SiO2 

(i.e. APTES / TEOS + APTES) 
20 

 

3.3. Membrane drying process 

Preservation of membrane properties in terms of pore size and pore distribution is imperative upon 

characterization and storage, and can be achieved with the adequate drying procedure. 

Membranes obtained via the phase separation process using water as the precipitating agent, 

normally have a higher water content than membranes produced by other procedures, such as solvent 

evaporation [85]. Direct water evaporation will cause the microporous membrane structure to collapse 

and form a denser active surface layer, contributing to the loss of permeation performance. In this 

regard, several drying methods have been introduced, such as vacuum drying, freeze drying and 

solvent exchange [86]. 

In the multi-stage solvent exchange technique, the water in the membrane is replaced by a 

water-miscible first solvent that is a nonsolvent for the membrane material. Thereafter, the first solvent 

is replaced by a second solvent that is volatile. The latter is subsequently air evaporated to obtain the 

dry membrane [22].  

Replacing water, which was a high surface tension, by another solvent with a much lower surface 

tension reduces the capillary forces acting during drying, avoiding pore collapse [12]. The choice of 

the solvent will depend on the membrane material since it must be a non-solvent for the membrane. 

In this study, the employed drying method was adapted from Lui et. al. [87], using deionized water, 

isopropanol as the first solvent, and n-hexane as the second solvent. The dry membrane is achieved 

by immersion in each solvent solution of successively higher contents (25, 50, 75 and 100% V/V) for a 

period of 24h at room temperature. The last stage of the drying process takes place in a desiccator, to 

ensure complete evaporation of the second solvent.  
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3.4. Membrane characterization 

3.4.1. Scanning electron microscopy (SEM) 

Prior to being imaged by scanning electron microscopy (SEM), the CA and CA-SiO2-(CH2)3NH2 

membranes were submitted to the drying process described in section 3.3. Samples of both 

membranes were then fractured in liquid nitrogen, mounted on a stub and sputter-coated with gold. 

Micrographs of the top dense surface (magnification: 1000x), cross-sections (magnification: 700x) and 

of the porous bottom layer (magnification: 4000x) were obtained. The active layer and total thickness 

of the membranes was calculated using the ImageJ software (version 1.53k, from National Institutes of 

Health). For each membrane, three randomly selected zones from the entire active layer and cross-

section images were measured and the mean thickness and standard deviation were calculated. In 

order to determine the average pore size of the porous bottom layer, the images were binarized using 

a threshold adjustment and subsequently analyzed via the Measure tool. 

3.4.2. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy  

Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) was used to analyze 

the chemical composition of the active layer surfaces of samples of the dried CA and 

CA-SiO2-(CH2)3NH2 membranes. Infrared spectra of the samples with the active layer facing upwards, 

were obtained with a PerkinElmer Frontier FT-IR spectrometer (940 Winter Street, Waltham, MA 

02451, USA), using a Pike Miracle Single Reflection ATR sampling accessory from Pike 

Technologies, with a Ge crystal (Graseby Specac, Smyrna; sampling depth: 0.2-1.1 μm at 

4000-650 cm-1). Each spectrum was obtained by averaging 256 scans with a resolution of 4 cm-1. 

Infrared spectra received were reported as percentage transmittance values as a function of the 

number of waves. 

3.5. Experimental setup  

3.5.1. Single hemodialysis membrane module (SHDMM) 

A single hemodialysis membrane module (SHDMM) was custom-made by the micromachining of 

acrylic plates. Figure 3-2 shows the schematic representation and dimensions of the five units that 

compose the SHDMM. Unit II defines the feed flow chamber while the purpose of the perforated piece, 

unit III, is to support the membrane. Unit IV defines the chamber in which the permeate is collected 

and units I and V seal the top feed flow and bottom permeate collecting chambers, respectively. The 

membrane is placed with its active layer facing upwards on top of unit III, with a filter paper beneath it, 

to prevent damage to the membrane when all units are sealed together by means of stainless-steel 

screws. Because of the large thickness of unit III (1 cm), on top of which the membrane is placed, the 

solutions in the feed flow channel and the permeate compartment do not interact close enough to 

establish a concentration gradient. Therefore, the solute diffusion between the compartments is 

negligible and it is assumed that fluid and solute removal occur exclusively by convection. The feed 
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flow and permeate collecting chambers were designed to be slit-like microchannels, where the 

channel height (2B) is much smaller than the other two dimensions: width (W) and length (L). As such, 

the dimensions of the microchannels are 2B = 0.3 cm, W = 3.0 cm, and L = 25.0 cm (2B ≪ W and L). 

The effective membrane surface area was assessed and found to be defined by the area of the 

membrane clamped between the O-ring that seals units I and II, assuming a value of 105 cm2. 

 

Figure 3-2. Schematic representation of the single hemodialysis membrane module (SHDMM). Unit I seals the 
feed flow chamber, represented by unit II. Unit V seals the permeate collecting chamber, represented by unit IV. 
Unit III is the supporting surface for the membrane to be tested.  

The height of the feed flow channel is a relevant parameter when assessing fouling events. During 

permeation experiments, the channel height may vary due to the deposition of molecules on top of the 

membrane. In such cases, there should be a significant increase in the pressure drop, ΔP, across the 

feed flow channel, leading to the reduction of the microchannel height.  

After the membrane and filter paper have been assembled inside the SMHM the feed channel height 

is estimated taking into account the data depicted in Figure 3-3. 

Considering the open channel of unit II depicted in Figure 3-2 as a plane narrow slit, formed by two flat 

parallel walls that are a distance 2B apart, such that B ≪ W < L. The fluid flow is in the z-direction, 

such that the velocity vector is of the form v⃗  = (0,0,vz) and vz is a function only for 𝑥. 
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Figure 3-3. Fluid flow in a narrow plane slit. Adapted from [88]. 

The velocity profile can be obtained by integrating the expression resulting from the application of a 

differential momentum balance, at steady-state, to a slit of thickness Δ𝑥. Furthermore, the velocity 

distribution for laminar, incompressible flow of a Newtonian fluid in a plane narrow slit is parabolic, 

such that the maximum velocity occurs at 𝑥 = 0 (Figure 3-3). Therefore, 

 
vz, max =

ΔPB2

2μL
 

(3-4) 

where vz,max is the maximum velocity, ΔP is the difference in pressure between the inlet and outlet, B is 

the half-height of the microchannel, μ is the viscosity of the fluid and 𝐿 is the length of the slit. 

The mass flowrate is further obtained by integrating the velocity profile over the cross section of the 

slit, considering the average velocity as vz,avg=
2

3
vz,max, such that 

 
ṁ =

2

3

ΔPB3ρW

μL
 

(3-5) 

where ṁ is the mass flowrate, ρ is the density of the fluid and W is the width of the slit. 

The half-height of the microchannel is obtained by rearrangement of Equation 3-5, which is analogous 

to the Hagen-Poiseuille law for circular tubes, and describes the fully-developed laminar flow of a 

Newtonian fluid in a narrow slit [88]: 

 

B =√
3

2

μL

W

QF
ΔP

3

 

(3-6) 

where QF is the feed flowrate. 

 

 



31 

 

3.5.2. Feed circulation circuit 

Figure 3-4 represents the circuit that simulates the extracorporeal blood circulation circuit found in HD 

machines. The feed reservoir, a 500 mL glass Kitasato, is placed in a thermostatically controlled water 

bath (model CORIO C, from JULABO, Seelbach, Germany) to maintain the feed solution at the 

average normal body temperature, 37°C. The feed solution is pumped from the reservoir and through 

the circuit by a peristaltic pump similar to the ones used in extracorporeal circulation such as dialysis 

(model ECOLINE VC-360, from ISMATEC, Wertheim, Germany) and its pulsation effect is attenuated 

by a damper, allowing the feed fluid to enter the SHDMM at a constant pressure. The ultrafiltrate is 

collected in the permeate collecting chamber and the fraction of the feed solution that has not 

permeated is recirculated back to the feed reservoir. A three-way valve placed midway between the 

outlet and the reservoir enables the collection of feed samples. Throughout the entire circuit, polyvinyl 

chloride (PVC) tubing (Tygon Saint-Gobain, La Defense, Courbevoie, France) with an inner diameter 

of 3 mm and Shore hardness of 55A was used to ensure that the shedding of particles from the 

interior of the tubing, a phenomenon known as spallation [89,90], is low. 

Four medical grade pressure sensors (Deltran® Utah Medical Products, Inc., Midvale, UT, USA) - P1, 

P2, P3 and P4 - register the pressure at crucial points of the circuit. P1 and P2 register the pressure at 

the inlet and outlet of the feed flow chamber, respectively, whereas P3 and P4 register the pressure at 

the inlet and outlet of the permeate collecting chamber, respectively. The pressure sensors are 

connected to a data acquisition card (National Instruments cDAQ-9172, USA) which records the 

pressure variations throughout time via a LabView module (National Instruments, 9237, Austin, TX, 

USA). The cross on the left to the sensor represented by P3 indicates that the tube is clamped and 

therefore the ultrafiltrate is collected by the tube placed after P4. 
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Figure 3-4. Schematic representation of the experimental setup used for permeation experiments under dynamic 

conditions. 

3.5.3. Characterization of the SHDMM: pressure profile, pressure drop, 

transmembrane pressure, microchannel height, shear rate and shear stress at 

the wall 

To characterize the SHDMM, a permeation experiment was performed to obtain a typical pressure 

profile for the flow of deionized (DI) water at different feed volumetric flow rates (QF) through the 

SHDMM: 49 mL/min, 66 mL/min, 82 mL/min, 99 mL/min, 115 mL/min, 132 mL/min ad 148 mL/min. 

Figure 3-5 shows the pressure profile of the system registered continuously throughout the 

experiment. Pressures P1 and P2 represent the pressures at the inlet and outlet of the feed flow 

channel, respectively. P3 and P4 show the registered pressures at the inlet and outlet of the permeate 

collecting chamber. Each plateau represents the pressure registered for each pressure sensor 

resulting from the QF imposed by the peristaltic pump. 
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Figure 3-5. Pressure profile of the circuit during the circulation of DI water through the SHDMM circuit at different 
values of QF, which are delimited by the dashed lines. The pressure data is colour-coded according to the 
different sensors: black line P1, red line P2, green line P3, and dark blue line P4. 

The pressure drop (ΔP) across the feed flow channel is defined by 

 ΔP = P1-P2 (3-7) 

The transmembrane pressure (TMP) is the hydrostatic pressure gradient between the feed flow 

chamber and permeate collecting compartment, acting as the driving force for solute removal, and has 

unique values along the length of the membrane [34]. Assuming a linear variation of fluid pressure 

with axial distance along the channel, TMP is defined by  

 
TMP =

P1+P2
2

-
P3+P4
2

 
(3-8) 

As mentioned in section 3.5.1, the feed flow microchannel has a slit-like geometry where the channel 

height (2B = 0.3 cm) is much smaller than the other two dimensions: width (W= 3.0 cm) and length 

(L = 25.0 cm). When the membrane is placed inside the SHDMM, the height of the feed flow 

microchannel is no longer 0.3 cm and must be accurately calculated (Equation 3-6).  
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The shear stress exerted at the flow boundaries, or walls of the microchannel, τ, can be calculated by 

balancing the shear force at the wall against the pressure gradient for a slit channel [88]:  

 
τ =

3μQF
2B2W

 
(3-9) 

Shear rates, γ, at the wall are found by dividing the shear stress by the viscosity: 

 
γ =

τ

μ
=
3QF
2B2W

 
(3-10) 

Shear rates and shear stress in the device were varied from 4000 to 11800 s−1, and to 3 and 8 Pa, 

respectively. 

3.6. Permeation experiments under dynamic conditions 

3.6.1. Water permeability 

Permeation experiments were performed in the circuit containing the SHDMM to characterize the 

monophasic hybrid CA-SiO2-(CH2)3NH2 and pure CA membranes in terms of pure water permeability 

(LP). This characteristic, also commonly referred to as ultrafiltration coefficient (KUF) in dialysis, is 

defined as the volume of ultrafiltrate produced per hour per mmHg of transmembrane pressure [8,91]. 

It is most directly influenced by the membrane mean pore size, which in turn influences the solute 

sieving coefficient and molecular weight cut-off – both being the most important determinants of 

convective solute removal [91,92]. In this sense, convective therapies such as HF or HDF require 

high-flux membranes, offering high hydraulic permeabilities (> 20 mL.h-1.m-2.mmHg-1) and high middle-

molecule clearance, with transport maximized for larger solutes [48,93]. In opposition, low-flux 

membranes present lower hydraulic permeabilities (4-8 mL.h-1.m-2.mmHg-1) and effectively remove 

small solutes through diffusion, but only negligible amounts of middle-sized molecules, which are 

considered to be more toxic and more difficult to remove by diffusion [93,94].  

In order to assess the hydraulic permeability, three parameters must be established, namely the 

ultrafiltration flux, the transmembrane pressure, and the membrane permeation area.  

Ultrafiltration flux, J, is defined as the amount of permeate produced per unit area of membrane 

surface per unit of time: 

 
J =

V

A×t
 

(3-11) 

where V is the volume of permeate, A is the membrane permeation area and t is the measuring time. 

 

 

 



35 

 

The water permeability, LP, is obtained by the slope of the straight line obtained when J is represented 

as a function of TMP: 

 
LP =

J

TMP
 

(3-12) 

The range of the TMP used was 45, 53, 61, 71, 80, 90 and 100 mm Hg, corresponding to QF values of 

49, 66, 82, 99, 115, 132 and 148 mL/min, respectively. 

The feed temperature was kept at 37 °C, equivalent to the normal body temperature of a healthy adult, 

for all the permeation experiments. For comparison purposes to other membranes on the market, the 

water permeability found at 37 °C for the CA-SiO2-(CH2)3NH2 and pure CA membranes was 

standardized for a temperature of 25 °C by the following equations [95,96]: 

 
ln μ = -6.78+

1983

T
 (r=0.99923) 

(3-13) 

Equation 3-13 can be written in terms of mass flux and assumes the following form, when solved for 

Jm: 

 
Jm = ρ

LP
μ
ΔP 

(3-14) 

As neither LP nor ΔP are temperature-dependent, the previous expression can be rewritten as: 

 Jm(T) μ(T)

ρ(T)
= LP ΔP 

(3-15) 

Ultimately, the relationship between two fluxes, Jm,1 and Jm,2, at different temperatures, T1 and T2, 

respectively, is given by: 

 Jm,1μ1
ρ1

 = 
Jm,2μ2
ρ2

 
(3-16) 

3.6.2. Molecular weight cut-off (MWCO) 

The molecular weight cut-off (MWCO) has emerged as one of the most useful tools for characterizing 

UF membranes and is defined as the molecular weight at which 90% of the solute is rejected by the 

membrane [12]. Standard chemicals such as polyethylene glycol (PEG) are commonly used in MWCO 

determination [97]. Nonetheless, this definition is not absolute, and some limiting factors must be 

taken into account. For instance, most UF membranes are hydrophobic and tend to adsorb proteins 

on the surface or inside the pores due to membrane-protein interaction, jeopardizing MWCO 

determination and compromising membrane performance. Another example is the difficulty inherent to 

the selection of the marker protein used in the rejection experiment, since polymers of the same molar 

mass have different molecular sizes, e.g., a linear, flexible polymer is readily permeated through the 

membrane, whereas a globular protein of the same molecular mass will most likely be retained [1,98]. 

However, it is a useful tool for pre-screening and selecting UF membranes for a particular application, 

as it can be a simple, despite rough, indicator of rejection performance. 
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To determine the MWCO of each membrane, a retention curve was constructed by measuring the 

rejection coefficient, R, to various polyethylene glycols with increasing molecular weights (MWs) of 

400 Da, 3000 Da, 6000 Da, 10000 Da, 20000 Da and 35000 Da, respectively. The increasing MW 

order was purposely adopted, since a 90% rejection could be obtained with a lower MW than the 

highest established. The rejection coefficient, R, is defined by 

 
R =

CF - CP
CF

 
(3-17) 

where CP corresponds to the concentration of the permeate at t = 60 mins and CF corresponds to the 

initial feed solution concentration. The initial concentration of the feed solutions of each solute was 

485 ± 76 ppm and the permeation studies were performed for 1 hour at a QF of 100 ± 5 mL/min and a 

TMP of 76 ± 1 mmHg. Solute concentrations were determined in the permeate, initial feed and final 

feed samples using a total organic carbon analyzer (TOC-VCPH/CPN, Shimadzu, Japan). 

The total organic carbon (TOC) of feed and permeate samples was calculated according to calibration 

curves for different PEGs (Appendix B). Prior to analysis, the PEG salts were dried to constant weight 

in the oven for 30 min, to remove water molecules from the solute. Summarily, the samples are 

burned in a combustion tube and the TOC components of the sample are converted into CO2. To 

avoid contamination from diffusion of CO2 from the air into the sample, samples were collected in 

glass vials of approximately 19 mL, which were completely filled with solution and sealed with 

parafilm. A carrier gas delivers the sample combustion products to a non-dispersive infrared gas 

analyzer (NDIR), where CO2 is detected. The NDIR outputs an analogue detection signal that forms a 

peak, where its area is proportional to the TOC concentration of the sample.  

For the CA-SiO2-(CH2)3NH2 and pure CA membranes, two plots were made on the same graph: 1) R 

as a function of the solute MW with the intersection of the horizontal line at R = 90%, and 2) a plot of 

the linearization of R, log (
R

1−R
) , as a function of solute MW with the intersection of the horizontal 

(dashed) line at log (
R

1−R
) = 0.95. 

3.6.3. Rejection coefficients to low-molecular weight water soluble uremic toxins 

The rejection coefficients, R, of the CA-SiO2-(CH2)3NH2 and pure CA membranes to markers for low-

molecular weight water-soluble UTs: urea, creatinine, and uric acid, were determined by 

Equation 3-17. The initial feed solutions of each solute were prepared according to the highest 

reported concentrations of urea [70], creatinine [70], and uric acid [99]: 4.6 g/L, 240 mg/L and 83 mg/L, 

respectively. The permeation studies were performed for 1.5 hours at a QF of 100 ± 5 mL/min and 

TMP of 44 ± 1 mmHg. Solute concentrations were determined in the permeate and feed samples 

using a UV-Vis spectrophotometer (UV-1700 PharmaSpec, Shimadzu, Japan), according to each toxin 

wavelength of maximum absorbance, λmax: 200, 230 and 293 nm for urea [100], creatinine [101], and 

uric acid [102], respectively. For this, calibration curves were constructed for each toxin 

(4.3.4.Appendix C), which correlate the absorbance to toxin solutions of known concentrations. Feed 
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and permeate samples were diluted to a factor of 20 for determination of urea and creatinine 

concentration, using 150 μL of sample to 2.85 mL of DI water. A factor of 10 was used to dilute 

samples for determination of uric acid concentration, consisting of 300 μL to 2.7 mL of DI water. 

3.6.4. Bovine serum albumin filtration 

The rejection coefficients, R, of the CA-SiO2-(CH2)3NH2 and pure CA membranes to BSA were 

determined by Equation 3-17. BSA was dissolved in PBS, that assures maintenance of a pH of 7.4. 

The initial concentration of the feed solutions was 884 ± 4 mg/L, and the permeation studies were 

performed for 450 min at a QF of 100 ± 5 of mL/min and TMP of 52 ± 5 mmHg. Solute concentrations 

were determined in the permeate, initial feed and final feed samples through the Bradford assay using 

a UV-Vis spectrophotometer (UV-1700 PharmaSpec, Shimadzu, Japan). Specifically, the absorbance 

of feed samples was measured at 595 nm, following the Bradford assay [103], whereas the 

absorbance of permeate samples was simultaneously measured at 590 nm and 450 nm according to 

a modified Bradford assay [104], allowing the determination of lower BSA concentrations. 

Concentration of samples following the Bradford assay consisted of 180 μL of feed sample and 

2820 μL of Bradford reagent; similarly, the blank solution contained 180 μL of DI water and 2820 μL of 

Bradford reagent. Concentration of samples following the modified Bradford assay consisted of 0.6 mL 

of permeate sample and 2.4 mL of Bradford reagent, while the blank solution contained 3 mL of DI 

water.  
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4. Results and Discussion 

4.1. Membrane characterization 

4.1.1. Scanning electron microscopy (SEM) 

Figure 4-1 shows the SEM micrographs obtained for the active layer surface, cross-section, and 

bottom porous surface of the dried CA-SiO2-(CH2)3NH2 and CA membranes. The active layer of the 

membranes (Figure 4-1 A, B) is responsible for the membrane selectivity, and both exhibit completely 

dense active layers with no visible pores at a magnification of 1000x. The cross-section images 

(Figure 4-1 C, D) confirm the presence of a very thin skin layer of < 1 μm for both membranes, 

outlining a much thicker, porous substructure. The overall membrane thickness of the membranes was 

obtained from the cross-section images, yielding 103 ± 1 μm and 53 ± 1 μm for the 

CA-SiO2-(CH2)3NH2 and CA membranes, respectively. These results suggest that the introduction of 

silanol groups from the inorganic (TEOS) or hybrid (APTES) phases leads to membranes with 

increased thickness when compared to CA membranes, as previously reported [65,80], which may 

play an active role in the hydraulic permeability, as well as chemical and mechanical performance.  

The porous structure (Figure 4-1 E, F) confers mechanical strength to the membranes, while offering 

little or no resistance to the permeation of water and solutes. The average pore diameter in the porous 

surface for the hybrid and CA membranes is 113 nm and 84 nm, respectively. 
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Figure 4-1. SEM images of the CA-SiO2-(CH2)3NH2 (A, C and E) and CA (B, D and F) membranes. A, B: top 
active layer (×1000). C, D: cross-section (×700) where the red lines indicate the membranes’ thickness. E, F: 
bottom porous surface (×4000). 
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4.1.2. Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) 

The ATR-FTIR spectra of the active layer of the CA-SiO2-(CH2)3NH2 and CA membranes are 

compared in Figure 4-2. 

 

Figure 4-2. Wide-range ATR-FTIR spectra (4000-650 cm-1) of the CA-SiO2-(CH2)3NH2 and CA membranes. 

The broad band centered at ~3360 cm-1 is assigned to the OH stretching mode, ν(OH), and contains 

contributions from the hydroxyl groups of non-esterified cellulose, as well as from silanol groups and 

adsorbed water. Moreover, the bending fundamental, δ(OH), for the adsorbed water is located at 

~1637 cm-1, which has been previously described by other authors [105].  

Similarly to a previous work [82], the strong carbonyl stretching mode, ν(C=O), appears at 1735 cm-1, 

while the antisymmetric, νas(C-O-C), and symmetric, νs(C-O-C) stretching modes of the ester appear 

as strong bands at 1238 cm-1 and 1049 cm-1, respectively. 

There are no distinguishable CH stretching bands of cellulose acetate, which are possibly hindered by 

the broad band assigned to adsorbed water; however, in the CH deformation region, there is a 

medium band, typical of the methyl umbrella mode of acetate groups, at 1371 cm-1. 

Amine functionalization of same composition CA-SiO2-(CH2)3NH2 membranes has been previously 

proved [80], despite there being no evident band of the NH bond in Figure 4-2. In fact, primary 

aliphatic amines stretching mode is assigned in the region 3330-3340 cm-1, for which the band, in this 

case, may be overlapped by the broad band which is assigned to ν(OH) [106]. 
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Two important bands attributed to SiO2, namely ν(Si-O-Si) and ν(Si-O-C), occur in the regions 1055 to 

1165 cm-1 and 1115 to 1175 cm-1, respectively. Similarly to previous studies [66], and due to the low 

silica content in the CA-SiO2-(CH2)3NH2 membrane, these bands are overlaid by those attributed to the 

ester stretching modes. 

The complete assignment of the spectra of the active layer of the hybrid CA-SiO2-(CH2)3NH2 and pure 

CA membranes is presented in Table 4-1. Assignment of the ATR-FTIR spectra bands of the active 

layer of the hybrid and pure CA membranes. 

Table 4-1. Assignment of the ATR-FTIR spectra bands of the active layer of the hybrid and pure CA membranes. 

Wavenumber (cm-1) Assignment 

3360br ν(OH) 

1735S ν(C=O) 

1637S δ(OH) 

1371m δ(CH3) 

1238VS νas(C-O-C) 

1049VS νs(C-O-C) 

br – broad; S – strong; m – medium; VS – very strong; as – asymmetric; s – symmetric. 

However, this technique does not reveal a significant difference between the spectra of the two 

analyzed membranes. Two main factors are responsible for this: i) the very low amount of both SiO2 

and -NH2 groups in the membrane composition and ii) the superposition of the characteristic peaks of 

CA, silica and amine groups. Nevertheless, the differences of permeation performance of the 

amine-functionalized membrane, when compared to the pure CA membrane, is an additional indicator 

of the presence of -NH2 groups in the fabricated membrane. 
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4.2. Characterization of the SHDMM: pressure profile, pressure drop, 

transmembrane pressure, microchannel height, shear rate and shear stress at 

the wall 

Figure 4-3 shows the values of ΔP and TMP obtained when DI water is circulated through the SHDMM 

containing the CA-SiO2-(CH2)3NH2 membrane at different values of QF. The values of ΔP were 54, 68, 

83, 99, 114, 128, and 142 mmHg for QF values of 49, 66, 82, 99, 115, 132 and 148 mL/min, 

respectively. The values of TMP were 45, 53, 61, 71, 80, 90 and 100 mmHg for QF values of 49, 66, 

82, 99, 115, 132 and 148 mL/min, respectively. 

 

Figure 4-3. ΔP (red line) and TMP (black line) values obtained for the flow of DI water through the SHDMM circuit 

at different values of QF, which are delimited by the dashed lines. 

Typical values of QF under which commercial hemodialysis equipment operate range from 250 to 

400 mL/min [107,108] and TMP should not exceed 300 mmHg, according to the European Renal Best 

Practice (ERBP) [109], with the latter in the same range as the operating conditions of the SHDMM 

circuit. The QF is, however, below the typical values of hemodialysis equipment to avoid high values of 

sheer rate, as described below. 

Considering the viscosity of water at 37ºC, μwater = 0.6913 mPa.s [110], the height of the feed 

microchannel, calculated by Equation 3-6 was 205 ± 3 µm and 255 ± 10 μm, when the 

CA-SiO2-(CH2)3NH2 and CA membranes were placed inside the SHDMM, respectively. The difference 
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in channel height of the SHDMM feed channel when it incases the CA membrane is expected, as the 

total thickness of this membrane is approximately 50 µm lower than the thickness of 

CA-SiO2-(CH2)3NH2 membrane.  

The shear rate for each of the values of QF was calculated by Equation 2-11 and was found to be 

3887, 5235, 6504, 7852, 9122, 10470 and 11739 s-1 for QF values of 49, 66, 82, 99, 115, 132 and 

148 mL/min, respectively. It is known that high fluid shear triggers the activation of platelets and their 

subsequent aggregation [111]. An in vitro study by Holme et. al. showed that platelet activation and 

aggregation was observed at shear rates of 10500 s-1 and above [112]. Therefore, it is safe to use all 

of the tested feed flow rates up until 115 mL/min. 

The pressure measurement in the SHDMM is of paramount importance to assess the occurrence of 

fouling effects, as indicated by an increase in the pressure drop across the feed flow channel with 

subsequent decrease of the microchannel height (Equation 3-6). However, due to limitations inherent 

to the experimental setup, the pressure sensors are not placed immediately at the inlet nor the at 

outlet of the microchannels. Instead, they are connected by a T-shaped fitting in tubes approximately 

12.3 cm away from the inlet and outlet of the SHDMM. The occurrence of pressure drops in these 

segments was analyzed according to the Hagen-Poiseuille law [113], which describes the pressure 

drop in an incompressible and Newtonian fluid, in laminar flow, flowing through a cylindrical pipe of 

constant cross section. The Hagen-Poiseuille law is defined by 

 
∆P=

8μQL

πR4
 

(4-1) 

where ∆P is the pressure drop across L, the length of the pipe, μ is the fluid viscosity, Q is the flowrate 

and R is the pipe radius. 

The influence of the pressure sensors position on the microchannel height was evaluated considering 

the pressure drop in the conditions of the hydraulic permeability experiment.  

Table 4-2. Pressure drop registered throughout the hydraulic permeability experiment, corrected values taking 
into account the distance between the sensors and the SHDMM, and microchannel height in each scenario. 

∆P (mmHg) 2B (µm) ∆P corrected (mmHg) 2B (µm) 

54 199 54 199 

68 203 68 203 

83 204 83 205 

99 205 98 205 

114 206 113 206 

128 207 128 207 

142 208 141 208 
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The results in Table 4-2 evidence that there were no significant differences regarding the channel 

height, indicating that the pressure drop in the tubes has little to no influence on that of the SHDMM. In 

fact, the average height of the channel is (205 ± 3) μm, whether assuming the initial pressure drop or 

considering the corrected pressure drop values. These results hereby validate the data recorded by 

the pressure sensors as a realistic measurement of the SHDMM pressure drop.  

4.3. Permeation experiments under dynamic conditions 

4.3.1. Water permeability 

In order to calculate the ultrafiltration flux, through Equation 3-11, the permeation area must be known. 

In this regard, three hypotheses were conjectured: O-ring, Laminar and Cell-Perforated area. The 

O-ring area hypothesis stated that permeation is achieved throughout the entire length of the 

membrane, enclosed by the O-ring, while in the Laminar area hypothesis, the feed solution would be 

permeated solely through the laminar region in unit III (Figure 3-2). In the Cell-Perforated area 

hypothesis, only the pores that constitute the grey region in unit III (Figure 3-2) would allow the fluid to 

be permeated. The areas relative to the O-ring, Laminar and Cell-perforated hypotheses are 105, 60 

and 20.9 cm2, respectively. 

The assessment of the correct hypothesis was done by comparing the hydraulic permeability of the 

hybrid CA-SiO2-(CH2)3NH2 membrane calculated in each scenario (Figure 4-4) with the values 

obtained in an UF system from previous studies. For the sake of standardization, the ultrafiltration 

fluxes of both membranes were corrected to 25°C through Equation 3-16, allowing the comparison of 

performance between different systems, and LP values are presented in commonly used units in 

membrane industry (kg.h-1.m-2.bar-1). 

Previous studies on the CA-SiO2-(CH2)3NH2 tested in different UF systems than that of SHDMM have 

found an hydraulic permeability of 58.88 kg.h-1.m-2.bar-1
 [114] in a cross-flow UF system, and of 

27.42 kg.h-1.m-2.bar-1
 in Celfa P-28 [80]. These results suggest that the effective permeation area of 

Figure 4-4. Ultrafiltration flux of pure water at 37°C as a function of the transmembrane pressure for the hybrid 
CA-SiO2-(CH2)3NH2

 membrane, according to the three hypotheses. The membrane permeation area in the 
O-ring, Laminar and Cell-Perforated cases, was 105, 60 and 20.9 cm2. 
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the membrane is that of the O-ring, i.e., 105 cm2. Furthermore, this value indicates that permeation 

occurs throughout the whole length of the membrane that is in contact with the feed fluid.  

Figure 4-5 shows the results of ultrafiltration flux, J, as a function of TMP obtained for the 

CA-SiO2-(CH2)3NH2 and pure CA membranes. The water permeability, LP, of the CA-SiO2-(CH2)3NH2  

and pure CA membranes was 89.40 mL.h-1.m-2.mmHg-1 and 49.78 mL.h-1.m-2.mmHg-1, respectively. 

The introduction of silica followed by functionalization with amine groups increased the hydraulic 

permeability of the hybrid membrane by a factor of 1.8 when compared to the pure CA membrane. 

Furthermore, both membranes fall in the category of high-flux membranes since they present an LP 

greater than 20 mL.h-1.m-2.mmHg-1. 

Additionally, the overall results regarding the LP of the hybrid CA-SiO2-(CH2)3NH2 and pure CA 

membranes, considering an effective permeation area of 105 cm2 are summarized in Table 4-3. 

 

Figure 4-5. Ultrafiltration flux of pure water at 37°C as a function of the transmembrane pressure for 
CA-SiO2-(CH2)3NH2 (■) and pure CA (○) membranes. The dotted lines represent the linear fit which enables the 
determination of each membrane LP. 
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Table 4-3. Hydraulic permeability values obtained for the hybrid CA-SiO2-(CH2)3NH2 and pure CA membranes, at 
37ºC and 25ºC.  

Membrane 

Hydraulic permeability (LP) 

T = 37ºC 

(mL.h-1.m-2.mmHg-1) 

T = 25ºC 

(kg.h-1.m-2.bar-1) 

CA-SiO2-(CH2)3NH2 89.40 50.77 

CA 49.78 28.27 

 

Current hemodialysis equipment should deliver ultrafiltration rates between 10 to 13 mL/(h.kg) [115], 

under an operating TMP between 100 to 150 mmHg. Hence, for a 70 kg adult, the expected 

ultrafiltration rate in a clinical scenario should not be lower than 700 mL/h. Considering the estimated 

value of LP for the CA-SiO2-(CH2)3NH2 membrane, 89.40 mL.h-1.m-2.mmHg-1, and for an average TMP 

of 125 mmHg, in order to achieve the 700 mL/h threshold, a total membrane surface area of 0.06 m2 is 

required. This is a promising result, as the estimated surface area is well below the effective 

permeation area of typical hemodialyzers, which ranges from 0.8 to 2.2 m2 [8]. 

4.3.2. Molecular weight cut-off (MWCO) 

The MWCO was determined by two methods which are shown in Figure 4-6. The upper part of the 

curve resembles a plateau, hindering an accurate determination of the value corresponding to the 

intersection of the rejection coefficient curve with the horizontal rejection line (R = 90%). Hence, to 

overcome this ambiguity, the higher range of rejection coefficients was linearized, namely those 

corresponding to PEG 35000, PEG 20000 and PEG 10000, allowing a precise determination of the 

intersection point. 
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The depicted values of MWCO correspond to the intersection point of the plotted rejection coefficient 

curve (MWCO1) and subsequent linearization (MWCO2) with the respective horizontal rejection line. 

Hence, the MWCO is estimated to range between 22.2 and 26.7 kDa, for the CA-SiO2-(CH2)3NH2 

membrane, and between 17.6 and 18.6 kDa, for the CA membrane. With the understanding that both 

membranes reject solutes with MWs greater than 20 kDa, it is predicted that vital blood components 

such as albumin, platelets and blood cells will be rejected by both membranes. Furthermore it is 

envisioned that molecules belonging to two different classes of uremic toxins proposed by the EUTox, 

small water-soluble compounds and middle molecules, can be removed as they are able to cross the 

membrane. Prototypes to small water-soluble compounds and middle molecules include urea, and 

β2-microglobulin with a respective MW of 60 Da and 11818 Da [69]. The third group of uremic toxins, 

PBUTs, remain a challenge; whilst the free fraction of these molecules (MW < 500 Da) is able to cross 

the membrane and successfully be removed from the blood circulation, the rejection of the bound 

fraction will be hindered by the large MW associated to the complexes that they form with albumin 

(> 60 kDa). 

4.3.3. Rejection coefficients to low-molecular weight water-soluble uremic toxins 

Permeation experiments to prototype low-molecular weight water-soluble UTs, urea, creatinine, and 

uric acid, were performed considering the highest reported concentrations found in uremic 

populations. Feed and permeate samples were collected at times 0, 15, 30, 45, 60, 75, 90 and 105 

minutes, with the respective concentration represented in Figure 4-7. 

Figure 4-6. Rejection coefficient profiles of the CA-SiO2-(CH2)3NH2 (A) and CA (B) membranes to solutes with 

increasing molecular weights: 400, 3000, 6000, 10000, 20000 and 35000 Da. The horizontal full lines are set for 

a rejection of 90%, i.e. log (
R

1-R
)=0.95 . The dashed rejection lines represent the linearization of the rejection 

coefficients obtained for 3 different molecular weight solutes: 10000, 20000 and 35000 Da. The dotted dropdown 

lines indicate the estimated MWCO according to the method employed. 
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Figure 4-7. Concentration profiles of urea, creatinine, and uric acid for CA-SiO2-(CH2)3NH2 (A, C and E) and CA 
(B, D and F) membranes, regarding feed (■) and permeate (○) samples, for a total experiment time of 105 

minutes. The initial feed concentrations aim to represent those of uremic populations. 
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The CA-SiO2-(CH2)3NH2  and CA membranes exhibit a similar behavior in terms of permeation of the 

three UTs studied. The initial concentrations of the feed solutions were defined according to the 

highest reported concentrations found in ESRD patients for the three uremic toxins [70,99] and these 

were measured after they had been prepared and before they were fed into the SHDMM system 

(t = 0 min). It is to be noted that while the highest reported uremic concentration for uric acid is 

83 mg/L, the limit of solubility of this toxin in water, at 20°C, is 60 mg/L. 

Prior to each experiment, the SHDMM system is primed with water so that there are no air bubbles 

present in the system, as well as to prevent the CA and CA-SiO2-(CH2)3NH2 membranes from 

becoming dry. The priming volume of the system is approximately 130 mL and, when the initial feed 

solution containing each of the three toxins is circulated into the SHDMM system, a dilution occurs. 

This explains the decrease of the initial concentration of the primary feed solution at t = 0 min 

(measured after it is prepared and before it is fed into the SHDMM system) and the moment it is 

collected after 15 minutes of circulation in the system (t = 15 min). 

In general, for both the CA and CA-SiO2-(CH2)3NH2 membranes, it is observed that, between 15 and 

approximately 50 minutes, the concentration of the solutes in the feed compartment increases, and 

this can be explained by the decrease of water in the system which is constantly being removed by 

convection from the feed compartment through the membrane and into the permeate channel. 

Between 50 and 105 minutes, the concentration of the feed solution tends to stabilize at values close 

to the ones of the initial feed solution. To make this clear, the values of the initial and final 

concentrations of the feed solution are shown in each graphic of Figure 4-7. 

Regarding the concentration of the permeate solution, at the beginning of the experiment (t = 0 min), 

the collecting permeate chamber is filled with water and as expected, the solute concentration in the 

permeate chamber is 0. The concentrations of the permeate solution increase considerably between 0 

and approximately 50 minutes and, towards the end of the experiment (t > 80 min), they approach 

concentration values similar to those of the feed solution (at the corresponding time). This behavior 

clearly demonstrates that the membranes are permeable to the three low-molecular weight water-

soluble uremic toxins evaluated: urea, creatinine, and uric acid. 

The rejection coefficients (Equation 3-17) were calculated after 105 minutes of permeation. The 

rejection coefficient of the CA-SiO2-(CH2)3NH2 and CA membranes towards uric acid was 6% and 

11%, respectively and towards urea, both membranes have a rejection coefficient of 4%. The rejection 

coefficient of the CA-SiO2-(CH2)3NH2 and CA membranes towards creatinine was 7% and 1%, 

respectively. These results are in agreement with was discussed before in terms of the MWCO, given 

that urea (60 Da), creatinine (113 Da) and uric acid (168 Da) have much lower MWs than the  MWCO 

of the CA-SiO2-(CH2)3NH2  and CA membranes. 
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4.3.4. Bovine serum albumin (BSA) filtration 

Figure 4-8 shows the concentration profiles of BSA in the feed and permeate channels of the SHDMM 

equipped with the CA-SiO2-(CH2)3NH2 (Figure 4-8 A) and CA (Figure 4-8 B) throughout recirculation 

experiments lasting 465 mins. The aim of this experiment is to determine the rejection coefficients of 

the CA-SiO2-(CH2)3NH2 and CA membranes towards BSA and assess the potential fouling of the 

membrane mostly attributed to irreversible protein deposition and pore blockage. 

As was described for the UT permeation experiments (Section 4.3.3), prior to initiating the filtration of 

the BSA solution with initial concentrations of 884 ± 4 mg/L, the SHDMM system was primed with 

approximately 130 mL of water. This explains the decrease in concentration of the initial feed solutions 

of BSA between 0 and 15 minutes. From 15 to 465 minutes, the concentration of BSA in the feed 

solution of both permeation experiments through the CA and CA-SiO2-(CH2)3NH2 membranes, 

increased steadily. This gives a clear indication that both membranes fully reject BSA.  

At the beginning of each experiment (t = 0 min), the permeate chamber was filled with water and 

therefore the permeate concentration was 0 mg/L. The permeation experiments were carried out for 

over 7 hours and, throughout the entire experiment, the highest concentration of BSA detected in the 

permeate was 12 mg/L. 

Furthermore, there seems to be no clear evidence of fouling events, as both the TMP and the ΔP 

remained approximately constant throughout the experiment, at 57 ± 7 mmHg and 87 ± 3 mmHg for 

the CA-SiO2-(CH2)3NH2 membrane, and at 47 ± 3 mmHg and 58 ± 2 mmHg for the CA membrane, 

respectively. The ultrafiltration rate did not change significantly in any of the two membranes 

throughout the long-term filtration experiment adding more evidence to support the absence of 

membrane fouling. The heights of the feed microchannel were calculated at the end of the experiment 

Figure 4-8. BSA concentration profiles for CA-SiO2-(CH2)3NH2 (A) and CA (B) membranes, regarding feed (■) 

and permeate (○) samples, for a total experiment time of 465 minutes. 
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and were 215 μm and 246 μm, when the SHDMM encased the CA-SiO2-(CH2)3NH2 and CA 

membranes, respectively. These values are very similar to those found using pure water at QF of 

100 mL/min (see section 3.5.3): 205 μm and 255 μm, for the SHDMM with the CA-SiO2-(CH2)3NH2 

and CA membranes, respectively. This indicates that the protein deposition is negligible as there is no 

evident narrowing of the microchannel height even after 465 mins of BSA filtration.  

The rejection coefficient towards BSA was calculated with the BSA concentrations measured at the 

end of the experiment (after 465 minutes of filtration) and was 99% for both the CA-SiO2-(CH2)3NH2 

and CA membranes. These results were expected given that BSA has a MW of 66.5 kDa which is 

similar to human serum albumin [76], and the MWCO of the CA-SiO2-(CH2)3NH2 and CA membranes 

is below 27 kDa and 19 kDa, respectively. Furthermore, both membranes exhibit promising results in 

terms of inhibiting albumin leakage, which is highly undesirable in a clinical scenario, during HD 

sessions. 
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Conclusions 

A novel integrally skinned amine-functionalized cellulose acetate-based monophasic membrane, 

CA-SiO2-(CH2)3NH2, was synthesized by an innovative method which combines the phase inversion 

and sol-gel techniques. 

SEM micrographs of the CA-SiO2-(CH2)3NH2 membrane cross-sections confirmed the existence of a 

thin dense active layer and a much thicker, porous layer. SEM analysis revealed that the total 

thickness of the CA-SiO2-(CH2)3NH2 membrane, 103 μm, was approximately two times higher than the 

thickness of the CA membrane, 54 μm. ATR-FTIR analysis revealed the presence of CA based 

membranes. 

Permeation studies showed enhanced mass transfer properties for the monophasic hybrid membrane 

when compared to the pure CA membrane, as evidenced by the increase of hydraulic permeability, 

measured at 37°C, from 49.78 mL.h-1.m-2.mmHg-1, for the CA membrane, to 89.40 mL.h-1.m-2.mmHg-1, 

for the CA-SiO2-(CH2)3NH2 membrane. Furthermore, the MWCO also increased from 18.1 kDa, for the 

CA membrane, to 24.5 kDa, for the CA-SiO2-(CH2)3NH2 membrane. Both membranes assured the 

permeation of water-soluble toxins such as urea, creatinine, and uric acid. Long-term continuous 

studies of BSA filtration revealed that both membranes completely reject albumin and there is no 

evidence of irreversible fouling or albumin leakage in the SHDMM. 

Perspectives of future work 

Further characterization studies of the monophasic hybrid CA-SiO2-(CH2)3NH2 membrane in terms of 

the chemical composition are envisioned. X-ray photoelectron spectroscopy (XPS) and nuclear 

magnetic resonance (NMR) spectroscopy are two techniques that are planned to prove the presence 

and ultimately the quantification of SiO2 and -NH2 at the active layer surface of the membrane. 

An efficient analytical technique for the detection and quantification of free and bound forms of the 

toxins (PBUTs) in the feed and permeate samples should be developed and optimized. The method 

should be specifically directed towards quantification of the two most problematic PBUTs, indoxyl 

sulfate and p-cresyl sulfate, which are known for the emission of fluorescence signals.   

The development of other monophasic hybrid CA-SiO2-(CH2)3NH2 based membranes functionalized 

with albumin displacers is also planned. Certain pharmacological compounds, such as ibuprofen and 

furosemide are known to have very high affinities with albumin and may act as competitive binders to 

albumin, allowing for the displacement of PBUTs.  

The membrane hemocompatibility should be evaluated according to ISO 10993-4:2017 standards for 

the biological evaluation of medical devices, regarding the selection of tests for interactions with blood. 
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An additional and significant improvement in terms of the experiment set-up used for the 

characterization of membranes for the artificial kidney would be the development and production of a 

new, smaller SHDMM device which requires a smaller effective membrane surface area as well as 

lower priming volumes. 
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Appendix A.  Pump calibration 

 

Figure A-1. Pump calibration curve of the ECOLINE VC-360 pump, illustrating the feed flowrate as a function of 
the pump position. The equation is the result of a linear fit, with the respective coefficient of correlation (R2). 
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Appendix B. TOC calibration curves 

 

Figure B-1. Total organic carbon concentration (ppm), as a function of known concentrations (ppm) of PEG 
aqueous solutions. The equations are the result of a linear fit to the data, with the respective coefficient of 
correlation (R2).   
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Appendix C.  Uremic toxins calibration curves 

 

Appendix D.  BSA calibration curves  

 

Figure C-1. Absorbance as a function of the concentration of three different toxin solutions. Measurements of 
absorbance were made at 200, 230 and 293 nm in the case of urea, creatinine, and uric acid, respectively. The 

equations are the result of a linear fit to the data, with the respective coefficient of correlation (R2). 

 

Figure D-1. Absorbance as a function of the BSA concentration. Measurements of absorbance were made at 
595 nm, considering the Bradford assay (left), and simultaneously at 590 and 450 nm, considering the modified 
Bradford assay (right). The equations are the result of a linear fit to the data, with the respective coefficient of 
correlation (R2). 


