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Abstract 
 
The objective of this study is to investigate the influence of three different types of surfactants 

(i) anionic sodium dodecyl sulphate (SDS), (ii) cationic (hexadecyltrimethylammonium 

bromide (CTAB), and (iii) non-ionic: Triton X-100 (Polyethylene glycol tert-octylphenyl ether) 

and the effect of surfactant concentration on ultrafiltration of colloidal silica nanoparticles. Due 

to the high surface area to volume ratio of nanoparticles, the role of surface interactions on 

the stability of silica suspensions is enhanced. The effects of adsorption of surfactants are 

studied by means of static light scattering and zeta potential measurements. The strongest 

particle-surfactant interaction is observed between oppositely charged CTAB with silica, 

followed by TX-100 and SDS.  

 

An ultrafiltration hollow-fibre membrane is used in a semi-dead end configuration to perform 

filtration of silica suspension with varying surfactant concentration to critical micelle 

concentration (CMC) ratio, csurfactant/ccmc in a flux-step mode. The effect of surfactants and 

process conditions (flux) on filtration process have been compared by evaluating the critical 

flux and total fouling rate. The occurrence of critical flux and evolution of fouling rates are also 

strongly affected by the surfactant concentration. This difference in filtration performance is 

attributed to various competing and complementary mechanisms: electrostatic and 

hydrophobic interactions between surfactant-membrane surface, electrostatic and 

hydrophobic interactions between particles as well as the hydrodynamic effect of fluid motion 

towards the membrane. A comparison of the overall fouling potential for surfactant-silica 

systems showed that SDS-silica systems showed fouling rates of an order of magnitude 

higher than those of CTAB-silica and TX100-silica systems at the same csurf/cCMC ratio. This 

was an unexpected finding, as we would expect stable colloidal systems such as SDS-silica 

systems would exhibit lower fouling than unstable colloidal systems (e.g. CTAB-silica 

systems). 

 

 
Keywords: Ionic and non-ionic surfactants, Adsorption, Ultrafiltration, Flux-step method, 

Fouling rate 
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1. INTRODUCTION 
 
The rapid growth of nanotechnology has resulted in various implementations of nanomaterials 

in products or as process enhancers in manufacturing. Nanoparticles (NPs) may be classified 

via already known properties, the easiest being their chemical composition. Three main 

categories are usually distinguished [1]: i) pure metallic nanoparticles (e.g. Fe, Ag, Au,), (ii) 

metallic oxides or oxy-hydroxides (e.g. SiO2, TiO2), (iii) carbonaceous nanoparticles (e.g. 

nanotubes, fullerenes). Among them, SiO2 and TiO2 nanoparticles are already produced in 

very large quantities (102–103 tonnes/year) [1]. Although research on the impact of NPs on 

living organisms is still comparatively lesser compared to their wide range of applications, 

most researchers suggest that NPs are toxic. Furthermore, as a result of the increasing 

production and application, it is inevitable that the manufactured NPs will accumulate in the 

aqueous environment after usage. Therefore, there is a need to develop environmentally 

friendly technologies to remove NPs from potential drinking water sources in parallel with a 

sustainable growth of nanotechnology. 

 

Over the last few decades, membrane technology has emerged as one of the most promising 

and reliable techniques in water purification, and has been proven to be effective in the 

removal of colloidal particles such as proteins, natural organic matter (NOM) and inorganic 

particles [2]. However, to date, the widespread usage of membrane technology is still limited 

by the fouling phenomenon. Furthermore, not much is known on the filtration and fouling 

behaviour of engineered NPs.  

 

NPs are characterised by their size, which by definition are particles of any shape with at 

least one of the three dimensions between 1 and 100 nm [3]. Given their small sizes, these 

NPs have specific properties that are not found in bulk samples of the same material due to 

their high surface area to volume ratio, which meant that the role of surface interactions is 

significantly enhanced. Furthermore, the stability of the NP suspensions is also function of 

surface properties. Often, to improve the stability of such dispersions, different kinds of 

stabilizers are added to most commercially available NP suspensions. Adsorption of the 

stabilizer onto the surface of the NPs may change their surface character and consequently 

increase the repulsive interactions between the NPs thus preventing aggregation. 

Furthermore, it is imperative to consider that there are different types of stabilizers, which 

define the surface properties of NPs. Indeed, the effectiveness of particle stabilization is 

determined by the type of stabilizer, its affinity to the NPs, and concentrations of the NPs as 

well as stabilizers. 
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In membrane filtration, the role of surface interactions between foulants and membranes is 

indisputable. If a feed solution contains surface-active compounds, like stabilizers used for 

stabilization of the NP suspensions, its filtration behavior can significantly differ from the 

filtration process carried out without the presence of the surfactant. The type of surfactant 

determines the aggregation rate of the nanoparticles on the membrane surface by altering the 

interactions between particles. Process conditions like membrane type, pressure or 

temperature may also significantly change filtration behavior of the nanoparticles promoting 

aggregation near membrane surface. 

 

Still, not much is known about the exact role of the surfactants during filtration of the NPs. In 

this study we will investigate influence of filtration conditions and the role of commercial 

surfactants additives on filtration behaviour of silica nanoparticles as model NPs. In this study, 

three industrially prominent surfactants (i) anionic: sodium dodecyl sulphate (SDS), (ii) 

cationic: hexadecyltrimethylammonium bromide (CTAB), and (iii) non-ionic: Triton X-100 

(Polyethylene glycol tert-octylphenyl ether) will be used in varying concentrations to prepare 

SiO2 NP suspensions, which later will be characterized and filtered.  
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2. THEORY 
	
  

2.1 Surface Chemistry of Silica Nanoparticles 
 

To understand the behaviour of colloidal fouling in membrane filtration, it is imperative to 

understand the surface chemistry of silica nanoparticles, and how this interaction changes 

when different surfactants are added to the silica suspension as an additive. 

 

Bulk SiO2 consists of a siloxane unit joined together in a tetrahedral lattice. Depending on the 

preparation of the surface and the nature of the solution, several different functional groups 

can be present at the surface [4]. Functional groups commonly associated with the SiO2 

surface are depicted schematically in Figure 2-1. 

 

 
Figure 2-1: Schematic representation of the types of functional groups that occur on the silica 

surface (A) hydrated and (B) anyhydrous silanol groups are associated with the hydroxylated 

surface, whereas (C) siloxane-dehydrated groups occur mainly on the pyrogenic surface [5]. 

 

Like other mineral oxide surfaces, the surface charge character of SiO2 is defined by the 

relative concentrations of H+ and OH- in solution, as shown by the following equations: 

 

SiOH + H+ 
!!

 SiOH2
+      Equation 1 

SiOH + OH-  
!!

 SiO- + H2O     Equation 2 

 

The silica surface charge is determined by the relative magnitude of the equilibrium constants 

K1 and K2 in Equations 1 and 2. The isoelectric point (IEP) for SiO2 occurs at approximately 

pH 2 [5, 6], and is somewhat dependent on the exact nature of the surface. The density of 

negative charges remains low until the solution pH reaches 6, however between pH 6 and 11 

it increases sharply [7]. 
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When analysing the SiO2 surface charge, the structure of the oxide layer must be accounted 

for. Hydroxylated SiO2 has a high density of hydroxyl groups with about ~4.5 OH nm-2 [5, 6] 

that are in close proximity of one another, leading to hydrogen bonding between the hydrogen 

of one hydroxyl group and oxygen of a neighbouring group (see Figure 2-1b). These hydroxyl 

hydrogen atoms are strongly bound at normal pH levels, resulting in the hydroxylated SiO2 

having low surface charge. Pyrogenic SiO2, which is typically prepared by baking silicon 

wafers at high temperature in an oxygen atmosphere for a controlled amount of time, 

however has a lower density of hydroxyl groups of about ~0.7 OH nm-2 [5, 6] and a higher net 

charge than hydroxylated SiO2. Indeed the presence of numerous siloxane-dehydrated 

groups as depicted in Figure 2-1c, will render the pyrogenic surface partially hydrophobic. 

 

An aqueous nanoparticle dispersion is defined to be stable when the number of particles in a 

unit of time is constant with respect to time [8]. The stability of SiO2 dispersions depends on 

the structure of SiO2 surfaces and associated water molecules that define the characteristics 

of the near surface region. As discussed above, the hydrophilic silanol groups on the SiO2 

surface act as binding sites (H bonds) for water. The protonation and deprotonation of these 

silanol groups determine the surface charge of SiO2 nanoparticles and the extent of the 

repulsive energy to keep them dispersed in solution [9]. 

 

Previous studies have also investigated the effects of pH, temperature and electrolytes on the 

stability of SiO2 NP dispersions [10]. Metin et al [10] systematically investigated the stability of 

SiO2 dispersion over a wide pH range of 2.5 to 10, whereby they observed a significant 

variation of SiO2 nanoparticle surface structure. Also, they reported that the zeta potential of 

the SiO2 NPs were around -45 mV as pH decreases from 10 to 6, but increased sharply with 

further decrease in pH. Nevertheless, they observed only a 1.36 factor increase in the 

effective particle diameter despite the significant pH decrease from 10 to 2, whereby they 

attributed the difference in particle size to the thickness and strength of the water bound layer 

to the SiO2 particle [10]. 

 

2.2 DLVO Theory and Stabilization Mechanism 
 

The small size of NPs results in a high surface area to volume ratio, with significantly 

enhances the role of surface interactions during membrane filtration. Broadly speaking, the 

stability of a colloidal system can be modified by two different mechanisms according to the 

type of repulsion forces that is generated: electrostatic stabilization and steric stabilization. 

Steric stabilization of colloidal particles is achieved by attaching (grafting or chemisorption) 

macromolecules to the surfaces of particles, which generates repulsion thus can be used to 

impart colloidal stability [11]. Electrostatic stabilization, on the other hand, is based on 



	
  
	
  

14 

electrostatic repulsion which is a consequence of interaction of the electrical double layer 

surrounding the particles [11]. 

 

In a membrane filtration process of colloidal systems, the deposition of nanoparticles on the 

membrane surface, which ultimately leads to membrane fouling can be described by colloidal 

stability theory. The classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is the most 

simple and common theory to estimate colloidal stability, by combining the van der Waals 

attraction and electrical double layer repulsion between individual particles. 

 

The role of pH, salt concentration and salt type on stability of the 22 nm silica nanoparticles is 

shown in Figure 2-2. This figure shows the relationship between total dimensionless 

interaction energy vs. distance between nanoparticles, proposed by Aimar et al [12]. In simple 

terms, stable colloidal suspensions typically have total dimensionless interaction energy 

higher than 10-15 kT [12]. These suspensions are stable and would not aggregate without 

reduction of the interaction energy in any conditions. For suspensions with interaction energy 

smaller than 3kT, the systems are unstable and particles will rapidly aggregate. For 

suspensions with total dimensionless interaction energy between 3 kT and 15 kT, they are 

semi-stable, as such their aggregation rate is strongly time and concentration dependent [12]. 

 

 
 
Figure 2-2: Interaction energy between two silica nanoparticles (Hamaker constant: 0.8·10-20 

J [13], particle diameter: 22 nm) calculated according to DLVO theory; (a) influence of the 

surface charge in 1 mM NaCl solution; (b) influence of the NaCl concentration for the 

nanoparticle surface charge of -30 mV; (c) influence of the cation valency for the nanoparticle 

surface charge of -30 mV. 

2.3 Equilibrium Surfactant Adsorption on Silica Surface 
 

The presence of surfactants is known to modify the surface chemistry of colloidal NPs by 

adsorbing on the surface of the NP. As such it is essential to recognise the different 

mechanisms and effect of adsorption of the various types of surfactant (e.g. anionic, cationic 

and non-ionic) on the substrate of interest. Indeed, the adsorption of surfactants onto 

hydrophilic surfaces such as SiO2 from aqueous solutions has been studied rather extensively 

over the last few decades [4, 14-17] particularly as this model hydrophilic surface has been 

well characterised. 
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Adsorption isotherms are traditionally determined by solution depletion methods [4, 15, 16], 

where they are accomplished by mixing a surfactant solution with a given mass of adsorbate 

(i.e. SiO2) of known surface area. At equilibrium, the surface excess is determined by the 

change in the bulk solution surfactant concentration. Adsorption can be considered as a 

partitioning of the adsorbate species between the interface and the bulk, and will occur if the 

interface is energetically favoured by the surfactant in comparison to the bulk solution. Γδ, 

(kmol/m2) the adsorption density in the Stern plane, δ can be written as follows [18]: 

 

Γ!   = 𝑙𝐶  𝑒𝑥𝑝 !∆!!"#
!

!"       Equation 3 

 

Where l is the effective length of the chain (m), C is the bulk concentration of the surfactant 

(kmol/m3), R is the gas constant (JK-1mol-1), T is the absolute temperature (K) and −∆𝐺!"#!
 is 

the standard free energy of adsorption (J) [18]. The driving forces for adsorption is the sum of 

a number of contributing forces, whereby the major forces involved in surfactant adsorption 

are written as follows [19]: 

 

−∆𝐺!"#! =   ∆𝐺!"!#  ! +   ∆𝐺!!!"! + ∆𝐺!!!! + ∆𝐺!!!! + ∆𝐺!! + ∆𝐺!!!!
  Equation 4 

 

where ∆𝐺!"!#  !
 (J) is the electrostatic interaction term, ∆𝐺!!!"!

 (J) the chemical term due to 

covalent bonding, ∆𝐺!!!!
 (J) the free energy gained upon association of methyl groups in the 

hydrocarbon chain, ∆𝐺!!!!
 (J) the free energy due to interactions between the hydrocarbon 

chains and hydrophobic sites on the solid,  ∆𝐺!!  (J) the hydrogen bonding term and ∆𝐺!!!!   (J) 

is the term owing to dissolution or solvation of the adsorbate species or any species displaced 

from the interface due to adsorption. 

 

A number of different models for surfactant adsorption have been proposed over the years, 

relating to different combinations of surfactant and surface. These models attempt to describe 

systems that lie between two limiting cases; one limit corresponds to surfactant molecules in 

which the headgroups interact only weakly with the surface. The standard free energy of 

binding is insufficient to compensate for the loss of transitional entropy upon adsorption and 

surface coverage remains negligible until the concentration is very near the critical micelle 

concentration (CMC) [14]. A monolayer of surfactant does not form on the surface at any 

point in the isotherm. If a monolayer of surfactant were to form, the exposed hydrophobic 

surface would immediately attract a second later of adsorbed surfactant with an opposite 

orientation to avoid unfavourable hydrophobic interactions at the surface. This limit can be 

illustrated by the adsorption of non-ionic surfactants, such as polyethyleneglycol alkyl ethers 

with short ethylene oxide (EO) groups [20]. 
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The second limiting case is the self-assembled monolayer (SAM) limit. In this limit, the 

interaction between the headgroup and the surface, together with the van der Waals 

interactions between closely packed chains, is sufficiently strong to create monolayer 

formation at concentrations orders of magnitude below the CMC [14]. At dilute 

concentrations, a second layer does not form because elimination of water-hydrocarbon 

contacts does not compensate for the loss of transitional entropy upon adsorption. As the 

surfactant concentration increases further, isolated molecules adsorb to the hydrophobic 

surface thus gradually increasing the surface coverage until it approaches a bilayer at CMC. 

This bilayer may be asymmetric, given the different nature of interactions in the two layers, as 

schematically shown in Figure 2-3. 

 

 
Figure 2-3: Cartoons displaying different morphologies that may form during the adsorption of 

a soluble surfactant to a clean hydrophilic substrate (1d). At very low coverage, the 

hydrocarbon chains of the adsorbed surfactant may be lie perpendicular to the surface (1a), 

parallel to the surface (1b), or be randomly oriented (1c). As the coverage increases, the 

molecules may be randomly distributed in a single layer (Langmuir behavior, 2c) or 

interactions between surfactant molecules may lead to the formation of hemimicelles (2a) or 

admicelles (2b). At high coverages, a range of structures are conceivable: monolayer (3a), 

hemimicelles on a monolayer (3b), bilayer (3c) or admicelles (3d) [14] 

 

2.3.1 Equilibrium Adsorption of Ionic Surfactants onto Silica 
 

Two principal models have been proposed in the literature to describe the adsorption of ionic 

surfactants to hydrophilic surfaces; (i) the two-step model [21, 22] and (ii) the four-region 

model [23] [24]. The general shape of the adsorption isotherm and the proposed molecular 

model for these two models are depicted in Figure 2-4. At the lowest concentrations (region I 

in both models), surfactant adsorbs onto oppositely charged surface sites via electrostatic 

interactions. At the highest concentrations (around the CMC), hydrophobic interactions result 

in the formation of aggregates of admicelles at the solid-water interface (region IV in both 
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models). The difference between these two models lies in the relative importance of 

electrostatic and hydrophobic interactions at intermediate concentrations. In the two-step 

model, there is only low coverage of isolated molecules bound electrostatically to the 

substrate, which nucleate the formation of admicelles in the steeply rising part of the 

isotherm. In the four-region model, there is stronger adsorption at lower concentrations 

leading to the formation of hemimicelles before the attachment of a second layer through 

hydrophobic interactions [14]. 

 
Figure 2-4: General shape of adsorption isotherm and proposed molecular model for 

two-step and four-region adsorption models [21, 23]. 

 

Adsorption of CTAB to silica without added salt has been extensively studied previously using 

a number of techniques including solution depletion [16], ellipsometry [25], optical 

reflectrometry [26-28] and neutron reflection [29]. An example of CTAB adsorption isotherm of 

CTAB obtained from the total internal reflection Raman scattering (TIR-Raman) technique is 

shown in Figure 2-5 [14]. In general, the surface excess and the overall shape of the isotherm 

are comparable to the two-step adsorption model or “Langmuir-S shape model. At 

concentrations just below CMC, formation of distinct aggregates was first detected, with the 

peak-to-peak distances between aggregates in the order of 10nm for concentrations above 

the CMC [28]. However, there is some disagreement in the literature regarding the shape of 

the aggregates. Some have reported spherical [30] (full micelle or a half-micelle of a flat 

monolayer) aggregates, and others have reported rod-like [28] aggregates, though the co-

existence of both spherical and short rods was reported at a concentration just below the 

CMC [28]. Nevertheless, it is important to note that neutron reflectivity studies have 

established that the SiO2 surface is always incompletely covered and that the thickness of the 

CTAB layer remain essentially constant in the range of 2.8 to 3.4 nm, for concentrations as 

low as 0.01 CMC [29]. 

 



	
  
	
  

18 

 
 

Figure 2-5: Adsorption isotherm of CTAB on SiO2 as reported by Tyrode et al [14] 

 

SDS, as an anionic surfactant, is not readily adsorbed onto negatively charged colloidal 

surface due to electrostatic repulsion [31, 32]. On the contrary, other groups have reported 

that SDS does adsorb onto negatively charged silica surfaces. Litton and co-workers [33, 34] 

attributed the adsorption of small amount of SDS on silica surfaces due to heterogeneities. 

Ahualli et. al [35] studied the adsorption of SDS on silica nanoparticles using small angle x-

ray scattering (SAXS) and dynamic light scattering (DLS). They observed adsorption of SDS 

on the silica NP surface which resulted in a supercharging effect at the SDS-silica interface 

[35]. The hydroxyl groups on silica surface are not alike and can have different dissociation 

constants [36] thus causing non-uniformities on the surface. Nonetheless, anionic SDS can 

be made to adsorb at higher specific concentrations onto silica in the presence of pre-

adsorbed polyethylene oxide (PEO) onto the surface [31, 37]). Maltesh et al [31] reported the 

adsorption isotherm of SDS onto silica in the presence of PEO with two different molecular 

weights at room temperature (23 ± 2°C) and neutral pH (6.5 to 7) as illustrated in Figure 2-6, 

and it can be observed that SDS adsorbed onto silica to a considerable extent regardless of 

polymer molecular weight.  
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Figure 2-6: Adsorption of SDS onto silica and silica pretreated with polyethylene 

oxide at room temperature (23 ± 2°C) and neutral pH (6.5 to 7) [31] 

 

2.3.2 Equilibrium Adsorption of Non-Ionic Surfactants onto Silica 
 

The adsorption of non-ionic surfactants on solid-liquid interface has not been studied as 

extensively as the ionic surfactants. Generally the adsorption isotherms of non-ionic 

surfactants follow the Langmuir isotherm [38]. Non-ionic surfactants are physically adsorbed 

rather than electrostatically or chemisorbed. However, non-ionic surfactants differ from ionic 

surfactants in that, small changes in concentration, temperature or molecular structure of the 

adsorbent may induce a large effect on the adsorption. This is due to adsorbate-adsorbate 

and adsorbate-solvent interaction, which causes surfactant aggregation in bulk solution, thus 

leading to change in orientation and packing of surfactant at the surface [39]. 

 

From the pioneering work of Levitz and Van Damme [40, 41], it is known that non-ionic 

surfactants such as Triton X-100 (TX100) can form adsorbed micelles on silica surface and 

further work by Giordano-Palmino et al reported the adsorption of TX100 on silica 

nanoparticles [42]. The adsorption mechanism is as follows [40-42]; the first surfactant 

molecules adsorb on the silica surface through hydrogen bonding of their oxyethylene units to 

the surface silanols. Then an association process around these first adsorbed molecules 

occurs, leading to the formation of surface micelles, bounded by the same hydrogen bonds. 

This process occurs below the CMC, since adsorbed micelles have a lower free energy than 

free micelles. The shape of the adsorption isotherm of TX100 on two types of silica 

suspensions (Ludox HS40 and Syton W30) is shown in Figure 2-7 below [42]. 
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Figure 2-7: Adsorption isotherms of TX100 on Syton W30 and Ludox HS40 at pH 6 [42] 

 

The adsorption of TX100 on silica surface is also highly dependent on the pH of the solution, 

as presented in Figure 2-8 [42]. Generally, the isotherms exhibit three characteristic regions: 

a slow increase of the adsorption at low equilibrium concentrations, a drastic rise in the 

adsorption at TX100 concentration of ~ 0.5 CMC and a plateau at concentration > CMC. 

However, as the pH increases, the surface charge increases thus decreasing the amount of 

undissociated silanol groups which are adsorbing sites for TX100 [42]. Nevertheless the 

same study also showed that the enthalpies of displacement (reported for two different pH 

values) was only dependent on the surface concentration of TX100, indicating that the main 

driving force of adsorption is due to the aggregation process, as expected in a “weakly bound 

adsorbate-adsorbent system”. 

 

 
Figure 2-8: Adsorption isotherms of Triton X-100 on Syton W30 at various pH [42]. 
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2.3.3 Effect of CTAB on System Stability  
 

Properties of CTAB 

 
Hexacetyltrimethylammonium bromide (CTAB) is a cationic surfactant, which is comprised of 

a cationic head and a hydrophobic tail, as depicted in Figure 2-9: 

 

 
Figure 2-9: CTAB structure: cationic head and hydrophobic tail. 

 

Due to the amphiphilic nature of surfactants, they are able to self-assemble into organised 

molecular assemblies or micelles. The concentration (actually an arbitrary concentration 

within a narrow range) above which micelles are formed is called the critical micelle 

concentration (CMC). Above the CMC, monomers and micelles exist in a dynamic equilibrium 

[43]. The CMC of CTAB has been reported to be 0.92 ± 0.05 mM [44] at 25oC while 

Modaressi et al.[45] have cited 0.89 mM, Gao et al [46] with 0.92 mM, and Maiti et al [47] 

have given 0.8 mM at the same temperatures. CTAB is easily dissociated into cationic CTA+ 

and bromide ion (Br -) and its speciation is not influenced by pH changes [48]. However, the 

Krafft temperature or critical micelle temperature of CTAB, which is the minimum point below 

which it remains in crystalline form is about 25oC [49].  

 

Effect of CTAB on Particle-Particle Surface Interaction 

 

The adsorption of CTAB on SiO2 NPs could affect aggregation of these particles due to the 

following reasons; CTAB, which is composed of a cationic polar head and a hydrophobic tail 

could aggregate with negatively charged SiO2 by both surface charge neutralisation. When 

surfactant concentration increases, hydrophobic interactions between surfactant chains will 

occur [4, 26, 50]. Each individual or combined effect would make SiO2 NPs less stable, and 

thus aggregate [4, 26, 50]. With regards to the structures of CTAB formed on SiO2 surface, 

several groups have presented simplified schemes of CTAB ‘tail-to-tail’ bilayer and multilayer 

on SiO2/water interface, however the real structure of CTAB-coated SiO2 is more versatile 

and complicated [4, 5, 16]. 
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Figure 2-10: Simplified scheme of CTAB ‘tail to tail’ bilayer and multilayer formation 

on SiO2-water interface [50]. 

 

In a recent study by Liu et al [44], they proposed the following interactions between SiO2 NPs 

and CTAB as follows: initially small quantities of CTAB would form a monolayer on the SiO2 

surface controlled by electrostatic interaction between positively charged surfactant head 

groups and siloxane groups (-SiO-). Furthermore, it is known that adsorption of CTAB on SiO2 

surface could overcome micelles formation in bulk water [50, 51], which could elucidate why 

good aggregation can still be obtained at CTAB concentrations near or higher than CMC. 

 

However, when the concentration of CTAB is much higher than the CMC (e.g. 100 mM), the 

bilayer structure owing to hydrophobic interaction between surfactant hydrocarbon tails could 

be formed, and which may lead to the restabilization of CTAB-SiO2 NP-water systems [44]. 

Liu and co-workers [44] proposed a possible scheme of the aggregation of 0.15% wt SiO2 

NPs (Klebosol 30R50 colloidal silica suspension) as concentration of CTAB increases (Figure 

2-11). At CTAB concentrations much below the CMC (<0.1 mM), the repulsion between 

negatively charged surface reduces but it may not be enough to destabilize the suspension 

(Step 1). When the quantity of CTAB increases, the negative surface charge of the SiO2 could 

further reduce and aggregation may occur even before complete charge neutralisation (Step 

2). By continuously increasing the quantity of CTAB, the SiO2 surface would be neutralised 

and the hydrophobic interaction could still cause aggregation (Step 3). However when the 

CTAB concentration is high enough, a bilayer of CTAB could envelop the particle surface thus 

restabilise the nano-SiO2 suspension (Step 4). 
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Figure 2-11: Possible simplified scheme of CTAB-SiO2-water interface as proposed by Liu 

and co-workers [44]. Counterions Br- are omitted for clarity. 

 

2.3.4 Effect of SDS on System Stability  
 

Properties of SDS 

 

Sodium dodecyl sulphate (SDS) is an anionic surfactant, which is comprised of an anionic 

sulphate head and a 12-carbon hydrophobic tail, as depicted in Figure 2-12 below: 

 
Figure 2-12: Structure of SDS: anionic head and hydrophobic tail. 

 

Singh & Song [52] reported that the CMC of SDS in water was determined to occur at 

approximately 8mM at room temperature using conductivity measurements. This value 

concurs with other measurement methods such as calorimetry [53], surface tension [54] and 

light scattering [55]. The shape of SDS micelles formed is influenced by ionic strength; 

micelles are reported to be cylindrical at aqueous solutions with 0.6 M NaCl [56], and are 

spherical in aqueous solutions with lower ionic strength. The surfactant is highly soluble in 

aqueous solutions at room temperature because it is well above the Krafft temperature for 

dodecyl sulphate (8-9oC) [52]. Micelle radius is reported to be approximately 2.2 ± 0.2nm [57]. 
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Effect of SDS on Particle-Particle Surface Interaction  

 

As mentioned previously, several studies have shown that SDS could be adsorbed on 

colloidal SiO2 surface. Ahualli et al [35] observed that the effective charge of the negatively 

charged silica NPs and hence the repulsion between particles. Furthermore, other groups 

have reported that a small amount of SDS is adsorbed onto silica surface due to the 

heterogeneities on the colloid surface [33, 34]. The existence of charge heterogeneity on the 

colloid surface has been found to decrease the electrostatic repulsions for the same average 

surface potential [28, 33]. As such, adsorption of the negatively charged SDS to mask the 

heterogeneities on the colloid surface may result in a more uniform and higher negatively 

charged surface thus resulting in greater electrostatic repulsion between the SDS adsorbed 

colloidal particles [52]. 

 

2.3.5 Effect of TX100 on System Stability  
 

Properties of Triton X-100 

 

Triton X-100 (TX100) is a non-ionic surfactant that has a hydrophilic polyethylene oxide 

(PEO) chain (on average it has 9-10 ethylene oxide units) and an aromatic hydrocarbon 

hydrophobic group, which is a 4-(1,1,3-3-tetramethylbutyl)-phenyl group, as depicted in 

Figure 2-13 below. 

 
Figure 2-13: Structure of non-ionic surfactant Triton X-100. 

 

The CMC of TX100 have been reported to range from 0.24 mM [42] to 0.33 mM [58] at room 

temperature. The size of TX-100 micelles has been reported to have an average radius of 20-

25 Å [59]. Other studies reported that TX100 micelles are oblate ellipsoids, with the major 

axis of about 45 Å and a minor axis of about 25 Å [60],  

 

Effect of TX100 on Particle-Particle Surface Interaction  

 

The structure of TX100 adsorption layers formed on silica surface at pH 6.5 was studied in 

detail by fluorescence spectroscopy [40, 41]. At low concentrations, TX100 is adsorbed on 

the silica surface as individual molecules with hydrocarbon radicals oriented at a certain angle 

to the surface. The range of TX100 concentrations correspond to the hydrophobization of the 

silica surface. At later stages of adsorption, hydrophobic interactions between hydrocarbon 
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radicals of non-ionic surfactant molecules adsorbed on the solid surface and those present in 

the bulk solution come into play. These interactions result in the formation of surfactant 

associates on the solid surface and since the polar groups are oriented towards the bulk 

solution, the silica surface becomes hydrophilic [61]. 

 

According to Levitz et al [40, 41] at low degrees of surface coverage (0.17-0.5), the adsorbed 

phase is a fragmented medium made of small aggregates which are similar to the spherical 

micelles formed by TX100 in micellar solution. However with high degrees of surface 

coverage (above 0.8) the adsorbed phase may be considered as a continuous medium, 

forming either extended bilayer assemblies or an interconnected network of pseudomicellar 

aggregates [41]. 

 

Table 1 summarises the main characteristics of the surfactants used in this study.  
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Table 1: Characteristics of surfactants studied. 

Surfactant name Acronym/ 

Abbreviation 

Structural Formula CMC (mM) Temperature @ 

CMC (K) 

Krafft temperature 

(K) 

Cetyltrimethylammonium 

bromide 

CTAB C16H33N+(CH3)3Br- 0.89 - 0.92 [44, 45, 

47] 

298 298 [25] 

Sodium dodecyl sulfate SDS C12H25NaO4S 

 

~8 [52] 

 

298 290 [25] 

282 [28] 

Polyethylene glycol tert-

octylphenyl ether 

Triton X-100 C14H22O(C2H4O)n 

(n=9-10) 

 

0.24 - 0.33 [42, 58] 298 <0 (64oC 1) 

1 Cloud point temperature of Triton X-100 is 64oC [33] 
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2.4 Colloidal Fouling & Concept of Critical Flux 
 

Fouling is in inevitable consequence in membrane processes. It is one of the major 

phenomena responsible for the reduction of flux to far below the theoretical capacity of the 

membrane hence the deterioration of the process performance. Colloidal fouling in membrane 

filtration systems is a complex process as there are different physical and chemical 

phenomena that occur simultaneously. The complexity of colloidal fouling is generally 

attributed to hydrodynamic conditions, inter-particle interactions, and particle-membrane 

interactions, which would be eventually reflected by the fouling properties on the membrane 

surface.  

 

The simplest approach to consider filtration of particles is to consider a single colloid driven 

towards the porous surface by a convective flux, J. Mass transfer during filtration is then the 

result from a balance between the convective term and a diffusive term described by an 

interaction potential which can be modelled using, for instance the DLVO theory [62]. 

Equation 5 describes the net flux of particles towards the membrane, N, which is the 

combined effect of convective flux which drives the particles towards the membranes, and 

fluxes which tend to remove particles away from the wall effects hence termed “dispersive” 

effects [63]. 

 

𝑁 = 𝐽𝜙 − 𝐷 !"
!"
− !

!"
𝜙 !"

!"
      Equation 5 

 

On the right hand side of Equation 5, Jϕ is the convective contribution to the flux; the second 

term D !!
!"

 represents the diffusive contribution whilst the third term !
!"
ϕ !"

!"
 represents the term 

for migration of solutes/particles due to surface interactions with the membrane [62]. This is 

shown schematically in Figure 2-14, where Fv is the convective contribution to the flux, Fd is 

the diffusive contribution, and Fa and Fr represent the electrostatic interaction due to attractive 

and repulsive forces, respectively. 
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Figure 2-14: Schematic of the forces that are involved in a dead end filtration process. 

 

According to Aimar et al. [12], from a microscopic point of view, fouling starts to occur when 

the convective forces of these particles towards the membrane is equal to or exceeds the 

total force imposed by the diffusive and electrostatic interaction between the particle and 

membrane surface. 

 

A widely accepted methodology to investigate fouling behaviour in membrane filtration 

systems is to identify the so-called critical flux, Jcrit. [64-66]. The critical flux is generally 

considered as the flux above which particle deposition occurs on the membrane surface, as 

the drag force acting on the particle is not high enough to overcome the repulsion between 

the particle and the membrane [62].  

 

According to Field et al [67], there are two forms of critical flux. The so-called strong form of 

critical flux is the highest flux at which the permeability of a fouling solution is the same as the 

permeability for pure solvent (water) at the same flux. The weak form is said to exist when the 

permeability of the fouling solution is lower than that for the pure solvent under subcritical 

operation, but is independent of the imposed flux ([67]. In the real world, feeds which result in 

the strong form of flux is rarely observed [67].  

 

Operation above the critical flux causes fouling. Critical flux can be a good indicator for 

performance of the membrane system to keep its productivity constant with advantage of 

operational cost [66]. It is also often in many industrial UF installations, that it is necessary to 

operate the system under sub-optimum conditions, which may mean operation below or 

above the critical flux. As such, it is also imperative to understand the fouling behaviour over 

a broad range of sub- and super-critical fluxes. 
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The most widely accepted method to determine critical flux is usually based on the flux-step 

method. In this method, flux is increased in small steps while change in the transmembrane 

pressure (TMP) is monitored. Several groups have also performed decremental flux steps in 

some critical flux tests to evaluate the effects of fouling history on hysteresis[68, 69]. There 

are varying flux-step methods, some are carried out with uninterrupted flux increments [65], 

while others incorporate flow decreases or stoppage steps for relaxation [64] and backwash 

steps [70, 71]. 

 

Van der Marel et al [64] developed an improved flux-step method, which includes an 

intermediate relaxation step as a cleaning mechanism, to determine the critical flux and 

critical flux for irreversibility in a membrane reactor. Their method applied successive flux-

steps of constant increment up to a maximum and back. Each flux is applied until a certain 

amount of permeate is collected, and reveals a constant TMP when operated below the 

critical flux [64]. An advantage of this method is that they could discriminate between 

reversible and irreversible fouling. They also observed that the influence of fouling history in 

the MBR was reduced by incorporating an intermediate relaxation step in their process. 

 

Typically in UF processes, there are four mechanistic models that are used to describe 

fouling [72]. Complete blocking assumes that particles close off pore entrances thus 

preventing flow. Intermediate blocking is similar to complete blocking however it assumes that 

only a portion of the particles seal off pores while the rest accumulate on top of other 

deposited particles. Cake filtration occurs when particles accumulate on the surface of the 

membrane in a permeable cake, which increases in thickness and adds resistance to flow. 

Standard blocking, on the other hand, assumes that particles accumulate on the inside of the 

membrane wall, which constricts the pores over time and the permeability decreases [73]. 

 

In a colloidal system, it is unquestionable that the presence of surfactants in a silica 

suspension would have an influence on the interaction between the colloidal particles, as well 

as influence on the particle-membrane surface interaction, which subsequently would have an 

impact on the filtration process. Nonetheless, the effect of surfactants on colloidal fouling in 

membrane processes has not been very well studied and as such in this work, we attempt to 

study systematically the influence of different types of surfactant and concentration on 

colloidal fouling in a semi-dead end UF system. Considering the significance of the critical flux 

in membrane filtration process, a flux-step approach was used to investigate the effect of 

surfactants on the critical flux. Essentially, the systematic, step-wise nature of this method 

could act as a probe to determine the critical fluxes of the various surfactant-silica systems. 

Furthermore, to be industrially relevant, it is imperative to understand the effect of flux on 

filtration and fouling behaviour as filtration processes are typically operated in a constant flux 

and often at sub-optimal critical fluxes. 

 



	
  
	
  

30 

3. EXPERIMENTAL 
	
  

3.1 Feed Solutions 
 

Colloidal silica Ludox TM-50 (22 nm) in form of 50% silica nanoparticles, purchased from 

Sigma-Aldrich, was used as model silica nanoparticles. All solutions were prepared using 

ultrapure water (Milli-Q, >18.2 MOhm). ACS grade NH4HCO3-(NH4)2CO3, HCl and NaOH 

(Sigma Aldrich) were used to adjust the pH and ionic strength of the solutions used in this 

research. Sodium dodecyl sulfate (SDS), hexacetyltrimethylammonium bromide (CTAB) and 

Triton X-100 (TX100) were purchased from Sigma-Aldrich. All chemicals were used without 

further purification. 

 

Filtration feed solutions used in this work were prepared in following way: Feed solutions 

were prepared with Milli-Q water with different concentrations of surfactants as summarized in 

Table 2. 1mM of NH4HCO3-(NH4)2CO3 buffer solution was then added to maintain a pH 8 feed 

solution. Subsequently, the commercial suspension of Ludox particles was introduced to 

obtain 50 mg/L of silica nanoparticles in the feed solution. This concentration was selected to 

maintain a realistic colloidal concentration found in actual wastewater, as well as to keep the 

concentration of surfactants to silica in a range where there is more than sufficient surfactant 

to adsorb on silica. Furthermore, at this concentration, we are also able to characterize the 

feed with the techniques available. Lower silica concentrations will render the characterization 

techniques unsuitable. At the end of the procedure, pH was adjusted again with either 0.1 M 

NaOH or 0.1 M HCl, if necessary. The temperature of the feed solution was maintained at 

30°C by immersing in a temperature-controlled stirred water bath. Filtration experiments were 

carried out immediately after preparation of the feed solution. 

 

Note: The Krafft temperature or critical micelle temperature of CTAB, which is the minimum 

point below which it remains in crystalline form is about 25°C [49]. Therefore, all experimental 

conditions and surfactant/SiO2/water systems were prepared and measured at a temperature 

higher than 25°C to ensure that CTAB was sufficiently dissolved in solution. 
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Table 2: Filtration feed solutions at pH 8 and 30°C 

Silica-

Surfactant 

Solutions 

Surfactant Concentration Silica 

Concentration 

(mg/L) 
mM  csurf /cCMC 

SiO2 -- -- 50 

SiO2-SDS 

1  0.125 50 

4 0.5 50 

8 1 50 

8 1 0 

SiO2-CTAB 

0.115 0.125 50 

0.46  0.5 50 

0.92  1 50 

0.92 1 0 

SiO2-TX100 

0.025  0.125 50 

0.1 0.5 50 

0.24 1 50 

0.24 1 50 

 

The scattering intensity of the silica nanoparticles in the presence of CTAB, SDS and TX100 

surfactants of various concentrations were measured by static light scattering using Dawn® 

HeleosTM 8, supplied by Wyatt Technology Corporation. Light scattering data collection and 

analysis was performed using Astra® 6.1 (Wyatt Technology Corportion), to determine its 

relative scattering intensity in relation to pure silica nanoparticles solution. The aim of this 

measurement was to obtain a qualitative quantity which can be related to the size of the 

aggregates, i.e. the higher the scattering intensity, the larger the aggregates compared to 

pure silica nanoparticle 

 

As colloidal systems are optically inhomogenous, there is net light intensity in directions 

deviating from the direction of propagation, or scattering. The principle of a light scattering 

experiment is given in Figure 3-1, whereby the intensity, 𝐼! (Wm-2) of the light scattered by a 

sample at an angle 𝜃 (o) is measured by a detector at a distance r (m) from the beam. The 

detection plane is given by incoming beam and sample-detector line and is usually taken 

horizontally. The scattering volume, VS (m3) in this case is defined by the cross section of the 

incoming beam and the observed beam [74]. 
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Figure 3-1: (a) Top view of the principle of light scattering set-up. L: light source; 1: Filters, 

lenses; 2: Sample cell; 3: Mobile detector. (b) Definition of scattering volume Vs in a cross-

section of the incoming beam and detection beam [74]. 

 

Scattering intensity, 𝑖! is obtained by considering the amplitudes of all the scattered waves, 

and by taking into account their phases, and it can be given by the following Rayleigh 

equation [74]: 

 

𝑖! =
!!
!!
= 𝐼! 𝑛!! − 𝑛!! .! !

!!"!

!!!!!
          [𝑊𝑚!!]     Equation 6 

 

where 𝐼! (Wm-2) is the incoming light intensity, 𝑛! and 𝑛! (-) are the refractive index of 

particle and medium, respectively; N is the number of particles per cubic meter of scattering 

volume (particles/m3); where each particle has a volume v (m3), and 𝜆! is the wavelength 

(nm). Indeed, the Rayleigh theory predicts that light scattering depends strongly on particle 

radius, a, namely as v 2 ~ a6. A quantity called the Rayleigh ratio, defined in Equation 7 

 

𝑅! = 𝑖!𝑟!/𝐼!         𝑚!!        Equation 7 

 

is the reduced scattered intensity under angle 𝜃, and may be regarded as the relative 

scattering per steradian. This value relates to the size of the nanoparticles and allows an 

observation of the aggregation in the presence of surfactants [74]. 
 

In this study, static light scattering measurements of nanoparticle-surfactant solutions were 

carried out at an angle of 90o with a wavelength of 658 nm at 30±1°C. They were also 

undertaken for surfactant-only solutions to account for static light scattering of surfactant 

monomers and/or micelle. All measurements were repeated at least three times, and the 

average of the Rayleigh ratios was obtained.  

 

Electrophoretic mobility measurements of the silica nanoparticles were determined via 

electrophoresis measurements using Malvern ZetaSizer 3000Hsa (Malvern Instruments) to 

obtain the zeta potential of the nanoparticles. Zeta potential is derived from the accumulation 

of electrical charges at a solid-liquid interface where an electrical double layer is formed [75]. 
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In addition to being experimentally accessible, the zeta potential can be correlated with 

particle stability; i.e. highly stable colloidal systems are characterized by high zeta potentials 

while less stable systems show low zeta potentials [76]. Indeed the deposition of particles 

onto membrane surfaces is also controlled by the zeta potential of the nanoparticles and 

membrane surface [76]. 

 

In the electrophoresis process, when an electric field is applied across an electrolyte, charged 

particles in the electrolyte are attracted towards the electrode of opposite charge. However, 

viscous forces acting on the particles tend to oppose this movement. When equilibrium is 

reached between these two opposing forces, the particles move with constant velocity 

(electrophoretic velocity). Zeta potential of the particles was approximated by the measured 

electrophoretic mobility using the Smoluchowski equation [76]. 

 

Both light scattering and zeta potential measurements were conducted using 50 mg/L 

nanoparticles solution prepared by dilution of commercial surfactants in ultrapure water (Refer 

to Table 3). The nanoparticle concentration in the feed and permeate solutions was measured 

by inductively coupled plasma mass spectrometry (ICP-MS) (Thermo Fisher X-series 2), 

evaluating the total silicon content, while the surfactant concentration was evaluated using 

total organic carbon (TOC) analysis. 

 

 

 

Table 3: Silica-surfactant suspensions for static light scattering and zeta potental 

measurements at pH 8. 

Silica-

Surfactant 

Solutions 

Surfactant 

Concentration 
Silica 

Concentration 

(mg/L) mM csurf /cCMC 

SiO2 -- -- 50 

SiO2 – SDS 

0.5 0.0625 50 

1 0.125 50 

2 0.25 50 

4 0.5 50 

8 1 50 

16 2 50 

SiO2 – CTAB 

0.05 0.0625 50 

0.115 0.125 50 

0.23 0.25 50 

0.46 0.5 50 

0.92 1 50 

1.8 2 50 
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Silica-

Surfactant 

Solutions 

Surfactant 

Concentration 
Silica 

Concentration 

(mg/L) mM csurf /cCMC 

SiO2 –TX100 

0.0125 0.0625 50 

0.025 0.125 50 

0.05 0.25 50 

0.1 0.5 50 

0.24 1 50 

0.48 2 50 

 

3.2 Membranes 
 

Membranes used in the experiments were commercially available inside-out polyether 

sulfone-poly vinyl pyrrolidone (PES-PVP) ultrafiltration (UF) membranes supplied by Pentair 

X-Flow BV (UFCLE type, MWCO 150 kDa). UF filtration modules were prepared by potting 15 

hollow-fibre membranes (inner diameter 0.8 mm) in a PVC tube (outer diameter 120 mm) with 

two-component polyurethane glue to give a final filtration area of 52 cm2 (Figure 3-2). 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 3-2: An example of a filtration module and a schematic describing the module 

operating in a semi dead-end configuration. 

 

The membrane was characterized in term of pure water permeability, scanning electron 

microscopy analysis (SEM), inner surface charge and pore size distribution. For SEM 

analysis, small pieces of the dry native membrane and fouled membrane were sputtered with 
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thin platinum layer using a Jeol JFC-1300 fine coater. The SEM images were taken using 

high resolution SEM microscope (Jeol JSM-6000F).  

 

The pore size distribution of the membrane was measured using the permporometry 

technique. This technique is based on the controlled stepwise blocking of pores by 

condensation of a vapour, linked with the simultaneous measurement of oxygen flux through 

the membrane [77]. It is imperative to select a vapour, typically present as a component of a 

gas mixture, which should not swell the membrane. At a relative pressure equal to unity, all 

the pores are filled with liquid and no gas permeation occurs. When relative pressure is 

reduced, the condensed vapour is removed from the largest pores according to the Kelvin 

equation: 

 

ln   !
!!
=    − !!

!"
cosθ  ( !

!!"
+ !

!!"
)     Equation 8 

 
where P is the vapour pressure (Pa), Po the saturated vapour pressure (Pa), 𝛾 the surface 

tension (N/m), v the molar volume of the liquid (m3/mol), R is the universal gas constant, T the 

temperature (K), the contact angle 𝜃 (o) and rK is the Kelvin radius describing the curvature of 

the liquid-gas interface (m). As the Kelvin radius (rK) is related to the specific vapour pressure, 

a measurement of gas flow can provide information about the number of these specific pores 

and thus allowing pore size distribution to be obtained [78]. A schematic representation of the 

permporometer setup is shown in Figure 3-3. Along both sides of the membrane, a mixture of 

condensable gas and non-condensable gas was flushed; on one side air was used as the 

non-condensable gas while nitrogen was used on the other side. Cyclohexane was used as 

the condensable vapour in our setup and the practical measurement range of this method is 

0.5 – 50 nm. 

 

 
Figure 3-3: Schematic representation of permporometer setup [77]. 
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The surface potential of the inner membrane was determined via streaming potential 

measured with an electrokinetic analyser SurPASS (Anton Paar GmbH). Similarly, the 

surface potential is also dependent on the properties of the solid surface and the surrounding 

electrolyte medium; and can provide information on the charge and adsorption characteristics 

of the membrane [75]. In the streaming potential measurement, the salt solution is forced to 

flow through a porous plug material across a channel formed by two plates or down a 

capillary, by an external pressure. The liquid in the channel having a net charge, flows in the 

channel thus gives rise to a streaming current thereby generating a potential difference [75]. 

In our experiments, 1 mM KCl was used as a background electrolyte solution; the pH was 

adjusted using aqueous 0.1 M NaOH and 0.1 M HCl solutions. Zeta potential was calculated 

according to the Fairbrother-Mastin equation (Equation 9). 

 

𝜁 = !"
!"
. !
!!!!

. !!!!
!!"##

       Equation 9 

where 𝜁 is the zeta potential (V), dU/dp the slope of streaming potential versus pressure 

(V.Pa-1), 𝜂 the electrolyte viscosity (Pa.s), 𝜀! the dielectric constant of electrolyte, 𝜀! the 

vacuum permittivity (CV-1m-1), 𝜅!  the specific conductivity of the electrolyte solution (S/m), and 

Rh and Rcell the electrical resistance (Ω) of the cell filled with high salt concentration and with 

the working salt concentration, respectively [79].  

 

3.3 Flux-Step Experiments 
	
  
All the flux-step permeation experiments were performed using a flux-step method adopted 

from van der Marel [64] in a semi dead-end filtration mode using the ‘OSMO Inspector’ 

filtration setup developed and automatized by Convergence Industry B.V. (Enschede, The 

Netherlands) and shown schematically in Figure 3-4, and a pictorially in Figure 3-5. 
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Figure 3-4: Flowsheet of the OSMO filtration setup. BW and Feed are backwash water and 

feed water tanks respectively. The flows are controlled by two mass flow controllers (F). 

Pressure (P) is measured in the feed, backwash, permeate and retentate. Temperature is 

monitored in the feed and downstream of the backwash pump. 

 

 
Figure 3-5: Picture of the OSMO Inspector filtration setup. 

 

The system contains a feed and backwash pump (Liquiport® NF100, KNF). By means of 

solenoid switching valves (Plast-o-matic), the water from the backwash tank can be fed either 
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to the feed or permeate side of the membrane, enabling the integration of automatic pure 

water flux experiments. Two high precision mass flow controllers (Cori-FlowTM model M15, 

Bronkhorst Cori-Tech, NL.) are installed to measure and control the feed and backwash 

fluxes. Before filtration of the nanoparticle solution, the feed solution was left in a temperature 

controlled stirred water bath to allow the temperature to equilibrate at 30°C. 

 

It is noted that glycerol is used to preserve the UF membranes by preventing pore collapse. 

The membranes are immersed in glycerol solution after preparation which stays in the pores. 

Since glycerol does not evaporate the pores cannot collapse as a result of evaporation and/or 

capillary forces. As such, to avoid the leaching of glycerol into the permeate samples, 

ultrapure water was filtered through the membrane modules at high pressure (2 bar) for 30 

mins to remove the glycerol. Following that, the pure water flux of the individual module was 

checked to be approximately the same as the expected from pure water flux experiments. 

Due to the nature of the potting procedure, there was always a difference in the membrane 

surface area between individual modules, hence pure water flux varied to a small extent for 

every module. Only modules with about similar pure water fluxes were chosen (±15%) for 

further filtration with silica nanoparticles. 

 

After the determination of initial pure water flux, the fouling experiments were started. The 

OSMO software was programmed to perform filtration-backwash cycles at fluxes from 0.1 

kg/hr, with an increment of 0.1 kg/hr at each step up to 1.0 kg/hr, followed by a downward 

step from 1.0 to 0.1 kg/hr with a similar decrement of 0.1 kg/hr. As such a single filtration 

experiment is comprised of 10 ascending and 9 descending flux-steps. At the onset of each 

flux-step, the sequence is described as follows and is shown schematically in Figure 3-6: 

 

i. Pure water permeability check at 0.2 kg/hr, 0.4 kg/hr and 0.8 kg/hr. The purpose of 

this step was to observe and investigate the effect of irreversible fouling of the 

membrane module; 

ii. Flush the shell side with feed solution at 1 kg/hr for 1 minute, to fill the module with 

feed solution; 

iii. Filtration with feed solution to obtain a permeate volume of 100 mL; 

iv. Flush the shell side with pure water at 2.5 kg/hr for 1 minute, to remove the permeate 

from the shell side of the module; and 

v. Backwash of membrane module with Milli-Q water at 2.5 kg/hr for 1 minute, to clean 

the membrane before the next flux-step. 
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Figure 3-6: Layout of one filtration-backwash cycle (Adapted from van de Ven [80]). 

 

Filtration at each flux step was applied until 100 mL of permeate sample were collected. The 

silica and surfactant content of the samples were determined using ICP-MS and total organic 

carbon (TOC), respectively. 50 mL of permeate was collected for ICP-MS analysis, and 20 

mL of permeate was collected in glass vials for TOC analysis. ICP-MS and TOC analyses 

were carried ut by Dutch water supply company Vitens NV. 

 

3.3.1 Analysis of the Result 

The evolution of transmembrane pressure (TMP) with time at each flux step, JH was 

monitored, as shown schematically in Figure 3-7. The total fouling rate (Ftotal) which includes 

both reversible and irreversible fouling, can be calculated by the change in TMP with time at 

each flux step, JH, i.e. Pend (Pa) and Piinitial (Pa) in Figure 3-8, using Equation 10.  

Total fouling rate,  𝐹!"!#$ =
!!!"!#$
!"

= !!"#!!!"!#!$%
!!!

!
!!

  Equation 10 

 

where R is the resistance (m-1), J is the flux (m3m-2s-1), 𝜂 is the viscosity of the permeate 

corrected to experimental temperature (Pa s), t is the flux-step duration (s) and Pinitial , Pend, 

and P2 are the pressures as defined above. The total fouling rate, Ftotal is inversely 

proportional to the permeate viscosity, as such the permeate viscosity has been corrected 

with respect to 25o C. 
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Figure 3-7: TMP-Flux profile of a flux step filtration experiment (adapted from van de 

Marel [64]). 

 

Figure 3-8: Schematic representation of the flux-step protocol as developed by van der 

Marel et al [64]. 

 

To determine the critical flux in the filtration experiments, an arbitrary minimum increase in 

TMP of 10 Pa min-1 was used [64], whereby the critical fouling rate (Fcrit) was calculated for 

each flux by applying this minimum increase in TMP into Equation 10 above. The critical 

fouling rate is an asymptote to zero with increasing flux, as a fixed TMP with time is divided 

by the flux. The critical flux is achieved when Ftotal becomes equals to Fcrit. 
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The fouling rate can be obtained graphically by plotting the increment in membrane 

resistance due to fouling against time, and calculating the gradient of the linear portion [35]. 

From this method of analysis, the total fouling rate and critical fouling rate for each flux-step 

were determined. Pure water permeability of the membrane module was determined from the 

slope of the flux against TMP and the comparison or the pure water permeability in between 

flux steps allows identification of the irreversible fouling rates. 

 

The removal efficiency, or rejection of silica nanoparticles (RSiO2) and surfactant (Rsurf) were 

defined as: 

 

𝑅!"#! = 1 −
!!,!"#!
!!,!"#!

  ×  100%      Equation 11 

𝑅!"#$ = 1 −
!!,!"#$
!!,!"#$

  ×  100%     Equation 12 

 

where Cp and Cf (mg/L) represent the concentration of SiO2 and surfactant in the permeate 

and feed, respectively. 

 

The permeability recovery (PR) of the membrane was defined as: 

 

𝑃𝑅 =    !"!"
!"!

         Equation 13 

 

where Pebw and Pew (Lm-2h-1bar-1) are the pure water permeability of the membrane after 

backwashing and the pure water permeability of the clean membrane, respectively. The 

purpose of this parameter was to ascertain the effect of surfactants and extent of irreversible 

fouling on the membrane. 
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4. RESULTS AND DISCUSSION 
 

4.1 Membrane Characterisation 
 

Pore size distribution of the investigated ultrafiltration PES-PVP membrane is presented in 

Figure 4-1. According to permporometry measurements, pore diameter varies between 5 nm 

and 45 nm, while the mean pore diameter is found to be 24 nm. SEM images in Figure 4-2 

show that membrane appears to be highly asymmetric with the selective layer of several 

hundred nanometers thickness on the inside. As can be seen from the SEM images, the 

membrane is far from an ideal membrane where pores are cylindrical, straight and all of equal 

dimensions. Zeta potential of the inner surface of the membrane as a function of pH is plotted 

in Figure 4-3 below. It is noted at pH 8, i.e. the pH at which filtration experiments were 

conducted, the zeta potential of the inner surface of the membrane was about -24 ± 3 mV. 

 
Figure 4-1: Pore size distribution of the investigated UF PES-PVP hollow fibre membrane 

based on permporometry measurements. 
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Figure 4-2: SEM images of the UF PES-PVP hollow-fibre membrane (a) shell surface and (b-

d) cross-section at the shell side of the native membrane at various magnifications. 

 
Figure 4-3: Zeta potential at inner surface of the investigated UF PES-PVP UF hollow fibre 

membrane as a function of pH. 
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From literature, we note that PES-PVP membranes are considered to be hydrophilic, as the 

purpose of PVP as an additive was to increase the hydrophilicity of the PES membrane as 

well as to prevent macrovoid formation. The most common method to determine the 

hydrophilicity or wettability of a membrane is by contact angle measurements, unfortunately, 

hydrophilicity of the membrane could not be characterised using this method as the 

membrane is in a hollow fibre configuration. 

 

4.2 Particle Characterisation and Surface Modification 

 
Figure 4-4: Zeta potential of CTAB-silica, TX100- silica and SDS- silica and the pure 

surfactants (single points) as a function of surfactant concentration versus CMC at pH 8. 
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Figure 4-5: Rayleigh numbers for CTAB-silica, TX-100-silica and SDS-silica systems as a 

function of surfactant concentration versus CMC at pH 8. Open symbols denote 

measurements after 1 hour and closed symbols denote measurements after 24 hours. 

 

Figure 4-4 shows the zeta potential measurements of the silica nanoparticles without the 

addition of any surfactants, as well as for silica with different concentrations of SDS, CTAB 

and TX100 at pH 8. To account for the artefacts due to surfactant monomers and micelles, 

zeta potential measurements were also conducted on surfactant solutions at CMC, and are 

represented as hollow symbols. Figure 4-5 shows the relative static light scattering intensities 

of silica nanoparticles expressed as Rayleigh number, as a function of surfactant 

concentration. Light scattering also reveals the time dependence of aggregation, as we 

observed that there was a change in relative scattering intensity if measurements were made 

after 1 hour (closed symbols) or after 24 hours (open symbols). 

 

In Figure 4-4, it can be observed that the zeta potential of silica nanoparticles becomes more 

negatively charged in the presence of SDS compared to silica without any added SDS. These 

observations are rather surprising as both silica and SDS are negatively charged, hence we 

would not expect any interaction between SDS and silica [32]. Nonetheless, our observations 

indicated that SDS could be adsorbed in small amounts on the silica surface, despite being 

negatively charged. Ahualli et al [35] also reported a similar observation for electrophoretic 

mobility measurements of silica NPs in SDS solutions ranging from 0.01 mM to 8 mM SDS. 

They saw an increase in negative mobility and zeta potential, or super charging effect by 

increasing the effective charge of the silica (possible because only part of the interaction 

between silica and SDS is electrostatic) [35]. Another possible explanation for this 

observation could be due to adsorption of small amounts of SDS on heterogeneities on the 
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colloidal silica surface [33, 34]. We postulate that the adsorbed SDS on the silica surface may 

result in limited aggregation of the colloidal silica due to the ‘hydrophobic interaction’ between 

the SDS hydrocarbon tails. This can be seen in Figure 4-5, where the light scattering 

intensities of SDS-SiO2 particles were slightly higher than pure SiO2. Nonetheless, we note 

that the absolute difference between zeta potential for 8mM SDS and 8mM SDS-SiO2 is not 

significantly large, so it is also possible that this could be due artefacts from the 

measurements. We note that measurements were undertaken at CMC, at which the free 

micelles start to form. Therefore, it is possible that only a small amount of micelles were 

formed in solution at that stage, and zeta potential measurements were inaccurate due to the 

small amounts of micelles. 

 

However in this instance, we observed that these systems showed evidence of formation of 

small aggregate, which may suggest that it is possible that only part of the interaction 

between silica and SDS is electrostatic [35], and the hydrophobic interaction between SDS 

tails may be more dominant.  

 

In the case of CTAB-silica systems, the addition of CTAB modified the silica surface (𝜁) from 

negatively to positively charged, implying adsorption of CTAB at the silica surface. By 

continuously increasing CTAB concentration, it appears that the zeta potential reaches an 

apparent minimum at CMC and then became more positive above the CMC. Adsorption of 

CTAB on silica has been studied extensively using different techniques [14, 26, 27, 81] and 

has been well documented. These studies conclude that CTAB is adsorbed onto silica 

surface due to (i) surface charge neutralisation, (ii) hydrophobic effect from long hydrocarbon 

tail, or (iii) a combined effect of these two mechanisms [14, 50]. In this study, we could also 

observe that with the addition of CTAB to silica nanoparticles, light scattering intensity 

increased indicating formation of larger aggregates (Figure 4-5). As such we can conclude 

that aggregation occurs due to the adsorption of CTAB on silica surface. Furthermore, studies 

have shown that adsorption of CTAB on silica surface is preferential over micelle formation in 

bulk water [50, 51]. This may be the reason why high degree of aggregation can still be 

obtained at near or higher than CMC. Nevertheless, one could conclude that under the range 

of CTAB concentrations investigated in this study, a high degree of aggregation of 50 mg/L 

silica NPs was achieved. 

 

In support of our observations, a study by Kumar and co-workers [32] showed that there is 

strong attractive interaction between cationic dodecyltrimethyl ammonium bromide (DTAB) 

and silica nanoparticles which led to the formation of aggregates. It is noted that DTAB and 

CTAB share a similar structure, the difference being DTAB has a shorter hydrocarbon chain 

length of 12 whereas CTAB. has a hydrocarbon chain length of 16. They characterised these 

aggregates by their fractal structure, and was found to have a fractal dimension of 2.3, 

consistent with an aggregate-type morphology. The concept of fractal geometry provides a 
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means of quantitatively describing the compactness of fractal aggregates and gives 

information about the internal structure. The fractal dimension of an object of mass M and 

radius r is defined by the relation 𝑀 ∝ 𝜌(4/3)𝜋𝑟!" where Df <3 is the fractal dimension of the 

object [82]. Indeed the larger the value of Df  the more compact the structure of the fractal 

aggregates. 

 

At the CMC of TX100 (0.24 mM), the zeta potential of pure surfactant at CMC 𝜁!"!"",!"! = -

21mV. It is surprising that a negative zeta potential was observed for pure surfactant, as 

TX100 is a non-ionic surfactant, albeit less negatively charged than SDS at pH 8. This could 

be associated with the pH of the experiments, as we conducted all the experiments at pH8. In 

the results presented in Figure 4-4, the addition of TX-100 to silica suspensions at 

concentrations below the CMC, the zeta potential became increasingly negative. At CMC and 

above, this value became less negative. This was somewhat unexpected and the exact 

mechanism of this phenomenon could not be explained without further in depth studies. From 

the work of Levitz et al [40, 41], Giordano-Palmino et al [42] and Alexeev [58], it was shown 

that TX100 is adsorbed onto colloidal silica surface as individual molecules at low 

concentrations through hydrogen bonding followed by the formation of surface micelles 

through association at higher concentrations. This process occurs below the CMC since 

surface adsorbed micelles have a lower free energy than free micelles.  

 

In general, the light scattering intensities for SDS-silica and TX100-silica were smaller than 

CTAB-silica. A reduced degree of scattering indicates formation of smaller aggregates, 

suggesting that CTAB-silica aggregates were larger in comparison to TX100-silica and SDS-

silica aggregates. The presence of CTAB in silica suspensions altered the zeta potential of 

the aggregates to be more positive; SDS altered the zeta potential to be more negative, whilst 

TX100 altered the zeta potential of silica NPs both more negatively and more positively, 

depending on the surfactant concentration. 

 

From this study, we could only observe general trends between the surfactant-silica 

interaction. Further characterization techniques, as well as zeta potential and light scattering 

experiments at a wider range of concentrations (csurf /ccmc) will be required to elucidate the 

interaction mechanism between silica and surfactants. 

 

4.3 Filtration Experiments - Flux-Step Method 

4.3.1 Fouling Development and Critical Flux 
 

In this section, the fouling strength of the colloidal feed water is discussed in terms of the 

fouling rate as the membrane resistance per unit time. 
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Figure 4-6: Total fouling rate and critical fouling rate for a filtration of 50 mg/L Ludox TM-50 

SiO2 at pH 8. Open symbols and closed symbols denote fouling rates in ascending phase and 

descending phase, respectively. 

 

In Figure 4-6, fouling rates in the ascending phase are denoted by the closed symbols and 

connected with by a solid line, whereas the descending phase have open symbols and are 

connected by a dotted line for clarity. The critical flux for 50 mg/L silica suspension at pH 8 in 

the absence of added surfactants was determined to be 52 Lm-2h-1. It can be inferred that 

there is ample effect of fouling history by comparing the total fouling rate in the ascending 

phase and the descending phase. These two fouling rates almost completely overlapped 

each other revealing a very small hysteresis [64]. 

 

Analysis of the critical flux for filtration of CTAB-SiO2, SDS-SiO2 and TX100-SiO2 systems at 

various concentrations is shown in Table 4. The fouling development of each of the 

surfactant-silica system will be discussed in further detail in sections below. 

 

In general, the critical flux for SDS-silica systems were lower than for pure silica systems. It 

was also observed that as concentration of SDS increased, the critical flux was also reached 

earlier. In the case of filtration of SDS solution and SDS-SiO2 system at CMC (8 mM), critical 

flux was immediately reached during the first ascending step and could not be quantified 

experimentally. The significance of having a lower critical flux is that fouling will occur at a 

lower flux and therefore would require more membrane area to treat the same amount of feed 

flowrate compared to systems with a higher critical flux, before fouling occurs. As such, it can 
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be considered as undesirable to have lower critical fluxes in terms of productivity and 

operating cost. 

 

Table 4: Critical flux for SDS-SiO2, CTAB-SiO2 and TX100- SiO2 systems at pH 8 & 30°C. 

 
1 Fouling rate for the first flux step exceeded critical fouling rate Fcrit , as such the critical 

flux could not be determined experimentally. 

 

For the 0.115 mM (0.125 CMC) CTAB-silica system, we observed a higher critical flux 

compared to critical flux of 50 mg/L silica suspension, at 76 Lm-2h-1 and 52 Lm-2h-1, 

respectively. This could be seen as an improvement to the productivity and operational 

parameters of the membrane system On the other hand, when 0.46 mM (0.5 CMC) CTAB 

was added to the silica suspension, the critical flux became lower (at 38 Lm-2h-1) than for 

reference solution without surfactants. Filtration of 0.92 mM (CMC) CTAB and 0.92 mM 

(CMC) CTAB-SiO2 resulted in the critical flux being reached during the first ascending step 

and could not be quantified experimentally.  

 

In the case of TX100, we observed that the critical flux for 0.025 mM (0.125 CMC) TX100-

SiO2 system was slightly higher compared to critical flux of 50 mg/L silica suspension. 

However the critical flux was reached earlier during the filtration of suspensions with higher 

TX100 concentrations, whereby the highest decrease in critical flux occurred for the 0.24 mM 

(CMC) TX100 systems. 

Silica-

Surfactant 

Solutions 

Surfactant 

Concentration 

Silica 

Concentration  

Critical Flux, Jcrit [Lm-2h-1] 

mM  csurf /cCMC mg/L 
Ascending 

Phase 

Descending 

Phase 

SiO2 -- -- 50 52 49 

SDS- SiO2 

1  0.125 50 44 45 

4 0.5 50 31 28 

8 1 50 Immediate1 Immediate1 

8 1 -- Immediate1 Immediate1 

CTAB- SiO2 

0.115 0.125 50 77 64 

0.46  0.5 50 31 30 

0.92  1 50 Immediate1 Immediate1 

0.92 1 -- Immediate1 Immediate1 

TX100-SiO2 

0.025  0.125 50 61 55 

0.1 0.5 50 45 48 

0.24 1 50 38 37 

0.24 1 -- 35 29 
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4.4 Influence of Surfactants on Fouling Rate 
	
  

4.4.1 Influence of SDS on Colloidal Fouling Rate 
 

The effect of SDS on colloidal fouling rate during membrane filtration was investigated at pH 

8. The concentration of SDS in the feed solution was varied from 1 mM (0.125 CMC) to 8 mM 

(CMC) and the evolution of fouling potential as a function of flux is shown in Figure 4-7(a). To 

clearly show the evolution of fouling rate at lower fluxes, an expanded section of the graph is 

depicted in Figure 4-7(b). 

 

It was observed that the addition of SDS at 1 mM (0.125 CMC), 4 mM (0.5 CMC) and 8 mM 

(CMC) to colloidal SiO2 suspensions resulted in a higher fouling rate compared to the filtration 

without any SDS. At the same time, we observed that zeta potential of the silica particles was 

found to be more negative with the addition of SDS, which may suggest SDS is slightly 

adsorbed onto silica particles by masking of heterogeneities on the silica surface [34]. Static 

light scattering studies of SDS-SiO2 suspensions indicated that the static scattering intensity 

was low, suggesting aggregation of silica NPs occurred to a small extent, or the presence of 

small aggregates in the suspension. 

 

In SDS-SiO2 filtration systems, we could postulate that there are a number of fouling 

mechanisms that are occurring simultaneously; namely (i) the interaction between surfactant 

monomers with PVP, resulting in the formation of micelle-like aggregates on the membrane 

surface by association [83] (ii) attachment of SDS monomers on membrane surface due to 

hydrophobic interaction between hydrophobic tails of SDS and hydrophobic groups on the 

membrane surface [84, 85], and (iii) formation of a fouling cake layer during filtration. 
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Figure 4-7: Profile of fouling rates for SDS-SiO2 systems at various surfactant concentrations 

at pH 8 and 30°C. Open symbols and closed symbols denote fouling rates in ascending 

phase and descending phase, respectively. 
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SDS interacts strongly with neutral polymer such as PVP [83, 86, 87]. The SDS-PVP 

interaction has been extensively studied by various techniques such as surface tension [83], 

calorimetry [88], potentiometric measurements [89], light scattering [83, 86, 87]. Polarizable 

pyrrolidone side groups in the PVP can acquire positive charge in the nitrogen ring, at which 

an anionic group such as SDS can interact [87]. Due to this interaction, aggregation of SDS 

can occur at a much lower concentration than its aqueous CMC. The concentration at which 

aggregation occurs due to association is known as the critical association concentration 

(CAC). The CAC of SDS in the presence of PVP is independent of the concentration of PVP 

in the solution and is reported to be between 1.4 and 2.1 mM [83], which is considerable 

lower than the CMC of 8 mM of pure surfactant. 

 

Moreover, SDS monomers, having sizes much smaller than membrane pore size, are able to 

enter the pores and be adsorbed onto the walls due to hydrophobic interaction with 

hydrophobic groups on the membrane (e.g. PES) [84]. This may result in constriction of the 

pore [73, 84, 90], as a consequence fouling will occur. Adsorption of surfactant inside 

membrane pores generally causes irreversible fouling [91].  

 

Another fouling mechanism that may occur is the formation of a cake layer on the membrane 

surface. It is noted that the average pore size of the membrane was 24 nm and the average 

size of SiO2 particles as reported by the manufacturer was 22 nm [92]. Given such similar 

sizes particle and pore sizes, silica nanoparticles are not able to penetrate through the 

membrane pores. They may therefore be retained on the surface during filtration and may 

cause complete pore blocking. Over time, a cake layer could be formed on the membrane 

surface during filtration. However it is noted that the inner surface of the membrane is 

negatively charged. Surfactant monomers and micelles are also negatively charged. 

Therefore, in principle, there should also be an electrostatic repelling force between the 

surfactant monomers and micelles from the membrane surface. 

 

For the 1mM SDS-SiO2 system, we observed that the total fouling rate was only slightly 

higher in comparison to the SiO2 system. Previous studies have shown that the addition of 

low concentrations of SDS up to 0.3 mM [52] showed a reduction in the fouling potential of 

SDS-SiO2 systems, which they attributed to the masking effect of heterogeneities, resulting in 

a more uniform and more negatively charged SiO2 particle. Singh and Song [52] postulated 

that a more loosely packed cake layer on their UF membrane was formed, hence lower 

fouling potential. Unfortunately, we were not able to observe this, as the lowest amount of 

SDS added was 1mM, which was already higher than the experimental conditions at which 

this phenomenon was observed by Singh and Song [52]. 

 

In the 8 mM SDS-SiO2 system, (i.e. at the CMC) the fouling rate was already much higher 

than at 1 mM (0.125 CMC) SDS-SiO2 and 4 mM (0.5 CMC) SDS-SiO2 at the onset of 
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experiment, which was expected. As the flux increased, we observed an exponential increase 

in total fouling rate. If we consider that SDS is adsorbed onto silica surfaces due to 

heterogeneities at low concentrations, it is likely that SDS will not be adsorbed on SiO2 

surface anymore after the masking effect at low concentration. However, SDS can also 

dissociate in aqueous solution and can therefore act a salt. Hence the ionic strength of the 

suspension would be increased [85]. This may result in the compression of the electrical 

double layer around the colloids, causing destabilisation and subsequently higher fouling 

rates [52, 85]. We can also postulate that the SDS concentration at the vicinity of the 

membrane surface is at least equal or higher than the bulk concentration due to concentration 

polarization. Hence, the local concentration of SDS at the membrane surface could very well 

exceed the CMC of SDS. If the concentration at the membrane surface is higher than CMC, a 

larger number of negatively charged micelles could be formed. These micelles may co-

deposit in the cake layer of SDS-SiO2 forming a thicker cake layer, resulting in higher fouling 

rate. We postulate that the compression of this micellar-silica nanoparticle cake layer may 

cause it to overcome the electrostatic repulsion between the micelles and may become like a 

continuous gel layer. Furthermore, in our investigations, PVP is present on the membrane 

surface as it is used as an additive during the manufacture of the membrane. Studies have 

shown that, even at low concentrations of PVP, there is evidence of association of SDS and 

PVP below its CAC [86, 87]. As such, we cannot exclude the interaction between SDS 

monomers and micelles with PVP molecules on the membrane surface. These are some of 

the possible explanations as to why we observe exponential increase in fouling rates as the 

flux is increased.  

 

However, for the 4 mM (0.5 CMC) SDS-SiO2 system, we observed an unexpected trend in the 

total fouling rate profile. Upon addition of 4 mM (0.5 CMC) SDS up to fluxes of about 80 LMH, 

we observed an exponential increase of fouling rate with flux, where they lie in between the 

fouling rates of 1 mM (0.125 CMC) SDS-SiO2 and 8 mM (CMC) SDS-SiO2 systems. In any 

case, this profile was as expected. This behaviour was observed at lower range of fluxes up 

to approximately 80LMH. However, at higher fluxes (80 LMH and above), the trend deviated 

from the expected, as fouling rate increased in a more pronounced exponential manner, 

eventually surpassing the fouling rate of 8mM (CMC) SDS-SiO2 at the same fluxes. This 

suggests that there are some other fouling mechanisms that are in play. 

 

This behaviour may be explained by the following speculation: in the 4 mM (0.5 CMC) SDS-

SiO2 suspension, free micelles are not expected to be formed in the bulk solution, however 

surface micelles could be formed on the membrane surface via association with PVP 

molecules. As previously discussed, we can also consider that the concentration of SDS near 

the membrane surface could be higher than the bulk concentration due to concentration 

polarization. However, in the case for 4 mM (0.5 CMC) SDS-SiO2, it is possible that a smaller 

amount of micelles are formed in the lower fluxes because concentration polarization effect is 
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too low. When flux was increased, concentration polarization was enhanced, and in both 4 

mM and 8 mM SDS-SiO2 cases, micelles and a gel-like cake layer was formed. However, 

since there is less SDS in the 4 mM solution, the repulsive interactions are weaker and the 

fouling cake layer is denser, resulting in a higher fouling rate. Whereas, in the 8 mM (CMC) 

SDS-SiO2 system, the micelles co-deposited in the cake layer have a highly negatively 

charged exterior and this would result in depletion and stronger structural repulsion between 

the colloidal particles [52] resulting in a more open structured cake layer. 

 

To further understand the effect of surfactant-membrane interaction and flux dependence on 

the fouling potential at CMC, filtration experiments were conducted with 8 mM SDS only 

solutions. We observed that the fouling rate for the 8 mM SDS solution and 8 mM SDS-SiO2 

suspension were comparable at low fluxes (Figure 4-7). This suggests that surfactant-

membrane interaction dominates at lower fluxes. As flux increases, we saw that the fouling 

rate for 8 mM SDS system reached a plateau at approximately 5x108 m-1s-1 while 8 mM SDS-

SiO2 systems increased exponentially. Here we can attribute this to the effect of fouling due to 

SDS-SiO2 aggregates on the membrane surface. Furthermore we hypothesize that at higher 

fluxes, the physical compression of SDS-SiO2 aggregates at the membrane interface may 

cause a collapse of the micelles or is sufficiently high enough to overcome the electrical 

double layer, resulting in a more closely packed and/or continuous fouling layer. With regards 

to the plateau observed for the filtration of 8 mM SDS, it may be due to the collapse of 

micelles at higher fluxes. 

 

4.4.2 Influence of CTAB on Colloidal Fouling Rate 
 

The effect of CTAB on colloidal fouling potential during membrane filtration was investigated 

at pH 8. The feed concentration of CTAB was varied between 0.115 mM (0.125 CMC) to 0.92 

mM (CMC) and the evolution of the fouling potential as a function of flux is shown in Figure 

4-8(a). An expanded section of fouling rate profile at lower fluxes is shown in Figure 4-8(b). 
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Figure 4-8: Profile of fouling rates for CTAB-SiO2 systems at various surfactant 

concentrations at pH 8 and 30°C. Open symbols and closed symbols denote fouling rates in 

ascending phase and descending phase, respectively. 
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From Figure 4-8(a), we observed that the addition of CTAB in 50 mg/L silica suspensions 

reduced the fouling rate at low concentration (0.115 mM) but the fouling rate was increased 

with higher CTAB concentrations of 0.46 mM (0.5 CMC) and 0.92 mM.(CMC)  

 

Similar to fouling mechanisms in SDS-SiO2 filtration systems, we could also postulate that 

there are a number of fouling mechanisms that are occurring in CTAB-SiO2 filtration systems. 

CTAB monomers, which are comprised of a positively charged head and a hydrophobic tail, 

may penetrate into the membrane pores and interact with the membrane surface in the 

following manner: (i) the positively charged head of CTAB may be attracted to the negatively 

charged membrane, and (ii) hydrophobic interaction between hydrophobic tails and 

hydrophobic groups on the membrane. The adsorption of surfactants on the walls of the 

membrane may result in constriction of the pore and/or pore blocking [73, 83, 84, 90], which 

may also contribute to irreversible fouling [91]. 

 

Similarly, the formation of fouling cake layer on the membrane surface may also occur during 

filtration for the reason that the average size of nanoparticles are similar to the average 

membrane pore size. Furthermore, we have shown evidence of colloidal aggregation due to 

CTAB addition, which meant that the average size of aggregates was even bigger than 

without surfactants. However, we hypothesize that the cake layer formed may be more 

porous than the cake layer formed in SDS-SiO2 systems as silica nanoparticles formed larger 

aggregates in the presence of CTAB already in the bulk solution. Indeed, static light 

scattering intensity measurements indicate that larger aggregates were formed when CTAB 

was added (Figure 4-5). This was also observed visually. As silica nanoparticles were 

injected into the CTAB solution, white, opaque clusters of aggregates were formed 

immediately.  

 

When 0.115 mM (0.125 CMC) CTAB was added to the SiO2 suspension, we observed a 

marked improvement in fouling rate compared to pure SiO2 suspensions. This drop in fouling 

potential could be interpreted as the effect of adsorption of CTAB on silica surface resulting in 

aggregation of colloidal silica due to the hydrophobic interaction of CTAB tails. As a 

consequence, a more porous fouling cake layer of on the membrane may be deposited on the 

membrane surface. It can be seen that, although the charge of CTAB monomers are positive 

and the surface potential of the membrane was negative, we still observed a drop in fouling 

potential compared to pure SiO2 suspensions. This indicates that the electrostatic attraction 

between CTAB monomers and membrane surface may not be dominant and we postulate 

that the effect of having a more loosely packed cake layer may be the dominant effect. A 

study by Kumar et al [32] revealed that there is a strong attractive interaction of silica 

nanoparticles with cationic dodecyltrimethyl ammonium bromide (DTAB) micelles which led to 

the formation of aggregates. These aggregates were characterised by a fractal structure and 

was found to have a fractal dimension, Df of 2.3, consistent with an aggregate-type 
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morphology. It is noted that a Df of 2.3 is considered a compact structure, and bearing in mind 

that CTAB has a similar structure and charge properties to DTAB, this lends to the hypothesis 

that a CTAB-silica aggregates could form a more open cake structures.  

 

In the case where the concentration of CTAB was increased to 0.46 mM (0.5 CMC), the total 

fouling rate was higher compared to fouling rates in both the pure 50 mg/L SiO2 and 0.115 

mM (0.125 CMC) CTAB-SiO2 systems (Figure 4-8) at the same fluxes. Light scattering 

intensity measurements suggest that silica aggregates were larger in 0.46 mM (0.5 CMC) 

CTAB than 0.115 mM (0.125 CMC) CTAB solutions, and as such we may expect a more 

porous cake layer, thus lower fouling rate. However the opposite trend was observed. A 

plausible explanation could be that at the higher concentration of 0.46 mM, there were more 

CTAB monomers in the bulk solution to interact with the membrane surface. As such, a more 

close-packed layer of surfactant on the membrane surface may be formed [84]. A higher 

fouling rate suggests that surfactant-membrane surface interaction may be more dominant 

than the effect of having a loosely packed cake layer on the membrane surface. Furthermore 

at the membrane-feed solution interface, the local concentration of CTAB is expected to be 

higher compared to the concentration in the bulk due to concentration polarization, and as 

such the formation of micelles near the membrane surface could not be excluded. 

 

Upon addition of 0.92mM CTAB to a silica suspension (i.e. at the CMC of CTAB), a very 

different fouling rate profile as a function of flux was observed. Instead of attaining the 

maximum fouling rate at the highest flux as expected, the maximum fouling rate in filtration of 

0.92 mM CTAB-SiO2 was observed at a much lower flux at about 77 Lm-2h-1. Above this flux, 

the fouling rate appeared to decrease to a pseudo-minimum at approximately 160 Lm-2h-1. 

Following that, the fouling rate increased again with flux.  

 

At the onset of filtration of 0.92 mM CTAB-SiO2 suspensions, the fouling rate already showed 

an exponential increase at the lower range of fluxes of up to 77 Lm-2h-1. We may consider this 

observation to be the combined effect of a few fouling mechanisms; that is (i) highly positively 

charged micelles may be attracted to the negatively charged membrane surface, as well as 

the adsorption of CTAB monomers on the membrane surface, resulting in the constriction of 

the membrane pores; (ii) formation of a fouling cake layer on the membrane surface. All of 

these fouling mechanisms would indeed contribute to the increase in fouling rate. 

 

However when fluxes were increased further and we observed a decline in the fouling rate. 

As explanation we postulate the following; CTAB micelles could also be formed within the 

cake layer of silica nanoparticles. These micelles would have a highly positively charged and 

may be more strongly repulsed by the CTAB-SiO2 aggregates. Consequently a more loosely 

packed cake layer could form instead [52]. Furthermore, it has been reported that CTAB 

could form ‘tail-to-tail’ or bilayers on silica surface [44, 50] and may restabilise the silica 
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suspension [44]. This could explain why we observed a decline in fouling rate at higher fluxes. 

However, in depth studies, preferably at the membrane interface are required to elucidate this 

fouling behaviour. To further investigate the effect of aggregates on membrane fouling, 

filtration of 0.92mM CTAB solution without silica nanoparticles was performed. It was 

interesting to note that the evolution of fouling rate was similar to the one observed for 

filtration of 8mM SDS. That is, a relatively high fouling rate was observed at the onset of 

experiment, quickly followed by a plateau at higher fluxes. Again, we attributed this to the 

collapse of micelles due to the higher fluxes. 

 

4.4.3 Influence of TX100 on Colloidal Fouling Rate 
 

In this section, the effect of non-ionic surfactant, TX100 on colloidal fouling potential during 

membrane filtration was investigated at pH 8. The feed concentration of TX100 was varied 

between 0.025 mM (0.125 CMC) to 0.24 mM (CMC) and the evolution of the fouling potential 

as a function of flux is shown in Figure 4-9(a) .An expanded section of fouling rate profile at 

lower fluxes is shown in Figure 4-9(b). 

 

It was observed that the addition of 0.025 mM (0.125 CMC) TX100 to the SiO2 colloidal 

suspension resulted in only a slight, if not negligible reduction in the fouling potential when 

compared to filtration of pure SiO2 suspension. We can postulate that the dominant fouling 

mechanism in this instance is attributed to the formation of cake layer for the following 

reasons; (i) average size of SiO2 nanoparticles is approximately the average pore size, (ii) 

static light scattering measurements indicated that only small aggregates were formed (Figure 

4-5), and (iii) the zeta potential of the pure silica nanoparticles was comparable to the zeta 

potential of 0.025 mM TX100-SiO2 aggregates (Figure 4-4). 
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Figure 4-9: Profile of fouling rates for TX100-SiO2 systems at various surfactant 

concentrations at pH 8 and 30°C. Open symbols and closed symbols denote fouling rates in 

ascending phase and descending phase, respectively. 
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When the concentration of TX100 in the feed solution was increased to 0.1 mM (0.5 CMC) 

and 0.24mM (CMC), we observed that the fouling rate increased more steeply with increasing 

concentration and flux, as expected. In these instances, other fouling mechanisms may have 

an influence on the fouling rate. Similar to ionic surfactants, the hydrophobic tail of the TX100 

monomers can interact with hydrophobic groups on the membrane surface [84, 90]. These 

monomers can penetrate the membrane pores and be adsorbed on the membrane surface, 

thus constricting the pore, resulting in a higher fouling rate. TX100 monomers can also 

interact with PVP molecules on the membrane surface [93], whereby micelles could be 

formed by association at the membrane surface. The CAC for TX100 has been reported to be 

about 0.6 times the CMC of TX100 [93]. This indicates that the TX100-PVP interaction is less 

strong compared to the interaction between SDS-PVP given that the CAC of SDS-PVP is 

approximate 0.25 times of CMC. In addition, we observed that the fouling rate for all TX100-

SiO2 systems at the onset of the filtration experiments were very similar except for the 

filtration of TX100 only at CMC. This may also indicate that the interaction between TX-100–

PVP on the membrane surface is not as extensive as the degree of SDS-PVP interaction. 

 

The increase in fouling rate could also be attributed to the formation of a cake layer on the 

surface of the membrane.  

 

An overall comparison of total fouling rates for surfactant-silica systems indicated that SDS-

silica systems showed fouling rates of an order of magnitude higher than those of CTAB-silica 

and TX100-silica systems at the same csurf/cCMC ratio. Based on the static light scattering and 

zeta potential results of the silica-surfactant systems obtained in this study, we found this 

result unexpected, as one would expect the CTAB-SiO2 systems to exhibit higher fouling 

rates compared to SDS-silica and TX100-silica systems. Nevertheless, there are several 

fouling mechanisms that are occurring simultaneously in these silica-surfactant filtration 

systems, which make it challenging to understand and explain the extent of the different 

mechanisms that are occurring. However, we may attribute this difference in overall fouling 

rate to the following mechanisms: (i) the strong interaction between SDS and PVP on the 

membrane surface, which promoted the formation of aggregates via association at the 

membrane surface, (ii) the effect of fractal structure of the aggregates of CTAB-silica 

systems, whereby the aggregates formed were irregular and therefore a more open cake 

structure could be formed in the fouling layer. In the case of SDS-silica, the aggregates 

formed were smaller in comparison and as such the packing density of the aggregates was 

higher. 
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4.5 Influence of Surfactant on Membrane Separation Properties 

4.5.1 Influence of Surfactants on Silica Rejection 
 

The influence of the SDS, CTAB and TX100 at various concentrations on silica nanoparticle 

rejection as a function of flux was investigated and shown in Figure 4-10, Figure 4-11 and 

Figure 4-12, respectively. The silica rejection in the ascending phase is depicted with closed 

symbols while the rejection in the descending phase has open symbols. 

 

 
Figure 4-10: Silica rejection for filtration of SDS-SiO2 systems at pH 8 and 30 °C (CMC SDS: 

8 mM). Open symbols and closed symbols denote fouling rates in ascending phase and 

descending phase, respectively. 
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Figure 4-11: Silica rejection for filtration of CTAB-SiO2 systems at pH 8 and 30 °C (CMC 

CTAB: 0.92 mM). Open symbols and closed symbols denote fouling rates in ascending phase 

and descending phase, respectively. 

 
Figure 4-12: Silica rejection for filtration of TX100-SiO2 systems at pH 8 and 30°C. (CMC 

TX100: 0.24 mM). Open symbols and closed symbols denote fouling rates in ascending 

phase and descending phase, respectively. 
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In general, the rejection of silica nanoparticles for all the systems investigated was high; in the 

range of 90% and above. Such a high rejection rate was expected as (i) the average pore 

size is approximately the average size of the silica nanoparticle which implies that silica 

nanoparticles are retained on the surface of the membrane, (ii) we expect the formation of a 

cake layer of silica particles on the surface of the membrane, resulting in an additional barrier 

for silica nanoparticles. Indeed, SEM images of membranes taken after a backwashing at the 

end of the filtration experiment in Figure 4-13, clearly shows the presence of a layer of silica 

nanoparticles deposited on the membrane surface. This layer of nanoparticles was observed 

for all surfactant-silica systems after the backwash step, which was part of the filtration 

experiment. As such, we can conclude that the backwash was insufficient to remove this 

fouling layer.  

 

SDS-SiO2 and TX100-SiO2 systems showed very similar silica rejection between 98 to 99.5%, 

however CTAB-SiO2 systems showed slightly lower rejection of down to 93%. Nevertheless, it 

is noted that this difference is within the experimental error, as such no conclusive trends or 

fouling mechanism other than cake filtration could be deduced from this data. 

 
Figure 4-13: SEM images- (a) cross-section and (b) surface images of UF PES-PVP 

membrane after filtration of SDS-silica solution, and was observed for all membranes after 

filtration. 

 

4.5.2 Influence of Concentration on Surfactant Rejection 

	
  
The influence of the SDS, CTAB and TX100 concentration on surfactant rejection as a 

function of flux was investigated and the graphs can be found in Appendix B.  

 

In most cases, we could observe rejection of surfactant, however for some cases, we also 

observed negative rejection of surfactants, particularly for the first few flux steps in the 

ascending phase. Noting that the size of monomers and micelles are significantly smaller 

than the average membrane pore size, we could attribute the rejection of surfactants to 

several mechanisms. Surfactants could be rejected due to adsorption to the silica 
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nanoparticles, electrostatic interaction with the membrane surface, as well as electrostatic 

interaction with the fouling layer formed on the membrane surface. With regards to negative 

rejection, we could not explicitly explain the reason for this observation, however we could 

attribute this to leaching of surfactants that were adsorbed in the membrane during filtration in 

the previous step, since we have established that the backwashing step was unable to 

remove the fouling layer. Furthermore, it was also possible that the glycerol-purging step was 

insufficient to remove glycerol from the membranes, as such glycerol was leached into the 

permeate. Other possible reasons could also include contamination from the equipment itself, 

e.g. tubing. Another observation on the surfactant rejection in this investigation was that there 

was no observable flux dependency on the rejection.  

 

It was also noted that for TOC analysis, we were unable to undertake these measurements 

ourselves in-house and we relied on an external partner (water supply company, Vitens NV) 

to conduct TOC analysis. As such there was a lag-time of a few days up to a few weeks 

before analysis could be performed, which could have resulted in contamination due to 

bacterial growth, deterioration of samples etc. Overall, the data obtained from TOC analysis 

were considered not reliable. As such, there is the need to repeat these measurements under 

the same experimental conditions and to also ensure that the time between sample collection 

and analysis should be as short as possible, if not directly after experiments. 

4.6 Influence of Surfactant on Pure Water Permeability 
 
As described in the methodology, pure water permeability check was undertaken after the 

backwash of the membrane module; the purpose of this was to ascertain the effect of 

surfactants and extent of irreversible fouling on the membrane. The extent of irreversible 

fouling could then be characterised qualitatively by the permeability recovery (PR), which is 

defined as the ratio of pure water permeability of the membrane after backwash to the pure 

water permeability of the clean membrane. In theory, if irreversible fouling occurs, we would 

expect to see a PR of <1. With this in mind we will discuss the effect of SDS, CTAB and 

TX100 on this parameter. 

 

4.6.1 Influence of SDS on Permeability Recovery of UF Membranes 
 

The effect of SDS on membrane permeability recovery (PR) as a function of flux is shown in 

Figure 4-14. PR in the ascending phase is represented by closed symbols and connected by 

a solid line, while PR in the descending phase is shown by open symbols and are connected 

by a dashed line. In principle, it is noted that the initial PR of all the systems should be 1.  
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Figure 4-14: Permeability recovery (PR) for SDS-SiO2 systems at various surfactant 

concentrations. Open symbols and closed symbols denote fouling rates in ascending phase 

and descending phase, respectively. 

 

The PR of membrane modules used in the filtration of 50 mg/L SiO2 suspension ranged from 

1.00 to 1.07. Blank filtration experiments conducted with Milli-Q water showed that the pure 

water permeability of clean modules fluctuated within 10%. As such, in the case of PR of 50 

mg/L SiO2 suspension, we can consider that no detectable irreversible fouling was observed. 

However, it was also unexpected that when 1 mM (0.125 CMC) SDS or 8 mM (CMC) SDS 

was added to the SiO2 suspension, the PR of the membranes were also within the ‘no 

detectable irreversible fouling’ range. It is likely that the sensitivity of PR was insufficient to 

detect the extent of irreversible fouling here. On the contrary, the 4 mM (0.5 CMC) SDS-SiO2 

and 8mM SDS systems showed an appreciable increase in PR, and while we could not 

observe any distinct relationship between SDS concentration and PR, it was interesting to 

note that filtration of the 8 mM SDS only solution resulted in the biggest increase in PR of 

about 15%.  

 

Differences in pure water permeability can be caused by several reasons: Firstly we have 

established earlier that SDS monomers and micelles are able to interact with PVP on the 

membrane surface. Given that the size of SDS micelles are the range of 5 nm [94], and the 

average membrane pore size is 24 nm, we can postulate that surfactant monomers and 

micelles can penetrate the membrane pores and interact with both PES and PVP on the 

membrane surface. Water flux is related to hydophilicity or wettability [95]. It is hypothesized 

that an improved wetting of the membrane surface can cause this increase after hydrophobic 
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adsorption between non-polar tails of SDS and the membrane. Singh and Song [28] reported 

contact angle measurements of flat sheet polysulfone membranes, which show that 

membrane became more hydrophilic after filtration with increasing SDS concentration of 

SDS. SEM images of membranes after filtration experiment, as shown in Figure 4-13 also 

show that there was still a layer of silica nanoparticles on the membrane surface, indicating 

that the backwash step was insufficient. In addition, we cannot discount the effect of 

adsorption kinetics, as we could observe distinct differences in PR, for instance when 4mM or 

8mM SDS was added to SiO2 suspensions. 

 

4.6.2 Influence of CTAB on Permeability Recovery of UF Membranes 
 

The effect of CTAB on membrane permeability recovery (PR) as a function of flux is 

illustrated in Figure 4-15. PR in the ascending phase is represented by closed symbols and 

connected by a solid line, while PR in the descending phase is shown by open symbols and 

are connected by a dashed line. 

 
Figure 4-15: Permeability recovery (PR) for CTAB-SiO2 systems at various surfactant 

concentrations. Open symbols and closed symbols denote fouling rates in ascending phase 

and descending phase, respectively. 
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suggests some dependency of irreversible fouling on surfactant concentration. We postulate 

that at low surfactant concentration, there are less monomers available to interact with the 

membrane surface. As concentration of surfactant is increased, more surfactant monomers 

would be forced into the membrane pores. These monomers may then be adsorbed to the 

hydrophobic groups on the membrane surface, improving surface wettability. The size of 

CTAB micelles is also much smaller than the average pore size of the membrane, at 3.5 nm 

[84] and 24 nm, respectively. Therefore it is likely that free CTAB monomers and micelles can 

penetrate into the membrane pores. Indeed, adsorption of surfactant inside membrane pores 

is generally irreversible [73, 91], which would explain why we observed the PR in the 

ascending phase is generally lower that the PR in the descending phase for both SDS and 

CTAB systems (Figure 4-14 and Figure 4-15). 

4.6.3 Influence of TX100 on Permeability Recovery of UF Membranes 

	
  
Figure 4-16 shows the permeability recovery trend for TX100-silica systems as a function of 

flux. Similarly, PR in the ascending phase is represented by closed symbols and connected 

by a solid line, while PR in the descending phase is shown by open symbols and are 

connected by a dashed line.  

 
Figure 4-16: Permeability recovery (PR) for TX100-SiO2 systems at various surfactant 

concentrations. Open symbols and closed symbols denote fouling rates in ascending phase 

and descending phase, respectively. 
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hand, the PR for 0.025 mM (0.125 CMC) TX100-SiO2 and 0.1 mM (0.5 CMC) TX100-SiO2 

showed an increase in PR with time and flux. 

 

It was also interesting to note that PR of 0.025 mM (0.125 CMC) TX100-SiO2 was higher than 

PR of 0.1 mM (0.5 CMC) TX100. This can be partially explained according to these two 

competing mechanisms: in filtration of non-ionic surfactant systems: (i) adsorption of 

surfactants to hydrophobic groups on the membrane surface, leading to permeability increase 

and (iii) adsorption of surfactants to hydrophilic groups on the membrane surface, leading to 

permeability decrease. At low concentrations, monomers will adsorb to hydrophobic groups 

on the membrane surface, improving surface wettability. When concentrations in increased, 

since all the hydrophobic groups are adsorbed already, hydrophilic interactions may then take 

place, thus decreasing surface wettability [90]. The resulting permeability will probably 

depend on which mechanism is dominant. 
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5. CONCLUSIONS 
 
To the best of our knowledge, this is the first time a colloidal system with surfactant was 

investigated in a flux-step manner, which allowed an insight into the dependency of fouling 

rates over a wide range of fluxes. The effect of three different types of commercial 

surfactants, CTAB, SDS and TX100, on colloidal silica fouling in an ultrafiltration membrane 

system was investigated. Stability of a colloidal silica system was found to be dependent on 

the type of surfactant, whereby aggregation or de-stabilisation of colloidal silica was most 

prominent with the addition of CTAB, followed by TX100 and SDS. We hypothesized that the 

main mechanism involved in the aggregation is the charge screening effects between 

surfactants and the negatively charged silica surface. 

 

In terms of the performance of a membrane filtration system, we also observed that the 

fouling potential of a colloidal-surfactant suspension was dependent on the type of surfactant. 

A comparison of the overall fouling potential for surfactant-silica systems showed that SDS-

silica systems showed fouling rates of an order of magnitude higher than those of CTAB-silica 

and TX100-silica systems at the same csurf/cCMC ratio. This was an unexpected finding, as we 

would expect stable colloidal systems such as SDS-silica systems would exhibit lower fouling 

than unstable colloidal systems (e.g. CTAB-silica systems). Furthermore, for each surfactant, 

the fouling potential of the colloidal feed water also generally increased with higher 

concentrations of surfactants. We postulate that the main fouling mechanisms involved were 

due to the following: 

 

• adsorption of monomer on membrane surface due to electrostatic interaction,  

• pore blocking due to hydrophobic interaction between monomer and hydrophobic 

groups on surface, 

• interaction between surfactant monomer and PVP on the membrane, and  

• pore blocking due to formation of cake layer. 

 

With regards to irreversible fouling, we could make any conclusive remarks on the impact of 

surfactants on the extent of irreversible fouling of the membranes. This was probably due to 

the presence of surfactants which lowered the surface tension during pure water permeability 

measurements. However we could observe deposits on the membrane surface after 

backwashing from SEM imaging. 

 

An overall comparison of total fouling rates for surfactant-silica systems indicated that SDS-

silica systems showed fouling rates of an order of magnitude higher than those of CTAB-silica 

and TX100-silica systems at the same csurf/cCMC ratio. Based on the static light scattering and 
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zeta potential results of the silica-surfactant systems obtained in this study, we found this 

result unexpected, as one would expect the CTAB-SiO2 systems to exhibit higher fouling 

rates compared to SDS-silica and TX100-silica systems. 

 

In summary, there are many opposing/additive interactions that are occurring simultaneously 

in the filtration of a colloidal-surfactant system, such as particle-particle interaction, particle-

membrane interaction, surfactant-membrane interaction, hydrodynamic conditions, kinetics of 

adsorption etc. As such it is very difficult to clearly distinguish what is occurring in the bulk 

suspension and solution-membrane interface.  
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6. RECOMMENDATIONS & FUTURE WORK  
 

In light of the major results presented above, it is the author’s recommendation that the 

following further work may be undertaken to assist in elucidating and clarifying the effect of 

different surfactants on the filtration of colloidal silica systems over a wide range of fluxes. 

 

-­‐ Characterisation of zeta potential of silica-surfactant systems at a wider range of 

surfactant concentration, for instance, at concentrations higher than CMC; 

-­‐ Different characterisation techniques of the silica- surfactant aggregates such as 

evaluation of fractal dimension  

-­‐ Use different analytical techniques, such as small-angle neutron scattering (SANS), 

fluorescence etc to analyse the interaction between surfactant and silica in bulk solution, 

as well as membrane-solution interface, and use nanoparticle tracking analysis (NTA) 

technique to observe this behaviour in-situ; 

-­‐ Undertake filtration experiments of 50 mg/L SiO2 suspension with the addition of 8mM of 

monovalent salt (eg. NaCl) to distinguish the effect of salts; 

-­‐ Undertake filtration experiments of surfactant-silica systems, at surfactant concentration 

much higher than CMC, to remove any ambiguity on whether micelles are formed or not; 

-­‐ Undertake longer term constant volume experiments at a fixed fluxes, to observe the 

evolution of fouling profile as a function of time. 

-­‐ Undertake filtration experiments with ‘looser’ pores, or membranes with bigger pore size 

or MWCO, to investigate the effect of surfactants on irreversible fouling, or experiments 

with flat sheet membranes instead. Using flat-sheet membranes may allow other 

characterisation techniques that are not possible with hollow-fibre configuration, such as 

surface contact angle etc. 

-­‐ Re-design and/or modify the improved flux step filtration sequence, to include a longer 

backwash step to remove the cake layer. 

-­‐ Repeat pure water permeability measurements to check reproducibility. 

-­‐ TOC analysis of permeate samples should be completed without too much delay. 

-­‐ SEM imaging of membranes after backwash to be undertaken without too much delay, to 

avoid any contamination, such as bacterial growth. 
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Appendix A: Flux and Transmembrane Pressure for a Complete Filtration Experiment 

	
  
Figure B-1: Flux and transmembrane pressure profile for a complete filtration experiment. The open triangle symbols denote flux, while the full circle symbols 

denote the transmembrane pressure. 
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Appendix B: Surfactant Rejection Data for Colloidal 
Silica Systems in SDS, CTAB and TX-100 solutions 
	
  
Surfactant rejection for SDS, CTAB and TX100 systems and shown in Figure B-1, Figure B-2 

and Figure B-3, respectively. The surfactant rejection in the ascending phase is depicted with 

closed symbols while the rejection in the descending phase has open symbols. Note that the 

surfactant rejection for 0.115 mM (0.125 CMC) CTAB-SiO2 was omitted from the figure as we 

observed very negative rejections (-990% to -50%), of which we considered the data was 

unreliable. 

 

 
Figure B-1: Effect of concentration on SDS rejection in filtration of SDS-silica systems. Open 

symbols and closed symbols denote fouling rates in ascending phase and descending phase, 

respectively. 
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Figure B-2: Effect of concentration on CTAB rejection in filtration of CTAB-silica systems. 

Open symbols and closed symbols denote fouling rates in ascending phase and descending 

phase, respectively. 

 
Figure B-3: Effect of concentration on TX100 rejection in filtration of TX100-silica systems. 

Open symbols and closed symbols denote fouling rates in ascending phase and descending 

phase, respectively. 
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