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Abstract 

With the advancement in microfabrication technology, on-chip membrane fouling study has 

undergone significant development and improvement for the last two decades. A single-chip 

microfluidic filtration platform integrates the benefits of both microfluidics and membrane 

technology. In this regard, a microfluidic membrane mimic (MMM) device can be used as a 

micron-sized tool to investigate the fouling phenomena at the pore scale. In this dissertation, 

fouling experiments were performed in an MMM device to investigate colloidal, organic, and 

combined fouling using synthetic wastewater such as polystyrene particle solution, 

polyacrylamide polymer solution, and a mixture of these two solutions, respectively. Four major 

categories of microscopic fouling were observed: (1) cake layer fouling at upstream, (2) pore 

fouling (inside the pores), (3) colloidal aggregation (downstream) and (4) colloidal streamer 

fouling (downstream). We discussed the new kind of downstream fouling and the timescales of 

colloidal streamer formation.  We also showed that the streamer formation is the result of flow of 

polystyrene and polyacrylamide mixture only. Furthermore, experimental analysis revealed that 

the colloidal streamer formation is likely the result of flocculation of the PS beads. The flow 

regimes under which colloidal streamer formation was observed was quantified through state 

diagrams. Our microfluidic experiments showed that downstream colloidal aggregation and 

streamer fouling have a significant influence on overall membrane fouling, which were not 

studied before. Streamer formation has led to the maximum flux decline among all.  

We have also performed constant-pressure dead-end filtration by varying particle size with silica 

(SiO2). Interestingly, SiO2 only resulted in cake layer fouling while PS, which caused cake layer 

fouling along with downstream colloidal aggregation. Fouling experimental results by varying 
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ionic concentrations suggested that the energy barrier and secondary energy minimum play an 

essential role in mitigating membrane fouling. Calculating membrane and foulant interaction 

energies by extended DLVO (XDLVO) approach showed a growing depth of secondary energy 

minimum with increasing ionic strength. On the other hand, a decrease in the ionic strength 

resulted in release of foulants from the secondary energy minimum to the bulk, suggesting an 

increase in the energy barrier. Additionally, back-washing experiments showed that the majority 

of the PS particles were released from the cake layer by water channel formation while in case of 

SiO2, the creation of water channel was not prominent. At last, a summary of all significant 

findings, the potential of microfluidic devices to investigate the microfiltration process at pore 

scale, and the future trends are provided. 
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1.1 Membrane and microfluidic filtration 

Water is one of the most important substances in our life. The majority of the available water 

today is either salty or polluted which is a growing global issue. The major sources of water 

contaminants can be industrial waste, pharmaceuticals, residential waste and fertilizers which are 

reducing the water quality day by day and rendering toxicity to human and to the environment. A 

globally sustainable supply of clean, freshwater is necessary to human life and food supply, 

industrial processes, and energy production 1. Traditional clean water sources are limited, and 

their pollution due to the rapid urbanization and industrialization calls for a more effective, 

lower-cost, robust water treatment processes 2.  

Filtration systems play a remarkable role in maintaining water quality. Among all filtration 

processes, membrane filtration is a breakthrough technology widely used in wastewater 

treatment. Membrane separation processes have become one of the fastest emerging technologies 

for water treatment due to their distinct advantages over traditional methods, primarily lower 

operating costs, compact design, and high product quality 3. Advanced membranes provide a 

potential solution for water and energy sustainability 4, 5. The main advantage of membranes is 

that they can be used for recovery and purification of a huge variety of materials across broad 

range industries 6, 7. There are various types of pressure-driven liquid-based membrane processes 

applicable for water treatment including microfiltration (MF), ultrafiltration (UF), nanofiltration 

(NF), and reverse osmosis (RO). They can be categorized by their pore sizes: MF is the most 

porous and RO is the densest one. NF and RO membrane are used for water desalination and 

softening while MF and UF are mainly utilized for removing suspended solids, colloids, 

pathogens, emulsions from contaminated water sources 7.  
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A major challenge for the sustainable use of membrane filtration processes is fouling of 

membranes by the attachment of water contaminants (colloidal particles, organic matter, and 

biomaterials) onto their surfaces. Fouling has several negative impacts on filtration such as 

reducing water flux and salt rejection, increasing the cleaning demand, and decreasing the life 

cycle of membranes and subsequently increasing the operating cost of the water treatment 

process. The reduction of membrane performance due to the adsorption of colloidal particles on 

the surface or within the membrane pores is the most common challenge in MF/UF processes 8, 9. 

Colloidal particles reduce the membrane performance by the development of a concentration 

polarization layer and formation of a cake fouling layer on the membrane surface 10. To analyze 

the transport phenomena inside the pores and the mechanism of colloidal fouling, a membrane 

module is typically considered as an opaque system, where only the input and the output can be 

measured and analyzed. To overcome these challenges microfluidic devices can be utilized to 

visualize and understand the fluid flow at pore scale and investigate the nature, properties, and 

evolution of colloidal fouling. 

A microfluidic chip is a pattern of the engraved microchannel through which fluids are directed, 

mixed and separated. Advancement in the microfabrication technology has enabled the 

development of microfluidics for diverse applications like lab-on-a-chip 11, 12, nanoparticle 

separation 13–15, chemical sensors 16, 17, detection of pathogens 17, electrophoresis 18, 19, micro-

nozzles 20, microvalves 21, 22, and DNA analysis2324. A microfluidic filtration system can provide 

a legitimate strategy to simulate the fluid flow in conventional membrane filtration processes 25, 

26. Microfluidic chips can be designed to mimic the pore sizes of various membranes (0.1-10µm 

for MF) filtration operating modes (dead-end or cross-flow). A microfluidic system where inertia 

(Re<<1 or Stokes number<<1) and Brownian motion are negligible, can be reasonable to 
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simulate an MF process 27. For microfluidic membranes, transport is mostly governed by 

membrane pore size and is not an intrinsic material property, although interaction with the 

internal membrane surface can play a crucial role. The primary advantage of a microfluidic 

filtration system is the real-time observation of transport phenomena and the evolution of the 

fouling inside the system through microscopy. Connecting the membrane to a microfluidic chip 

also allows for the optimization of separation process and mitigation of fouling at the pore scale. 

However, there are critical gaps between traditional filtration systems and microfluidic filtration 

systems. As modern technology evolves, these gaps can be bridged with microfluidic membrane 

mimic systems. 

In the next section, first, the theoretical basis of membranes and microfluidics is presented. Next, 

the fabrication methods for microfluidic membrane mimics are discussed. Then, the literature of 

microfluidic colloid filtration in microfluidic membrane mimic filtration systems is presented. 

Finally, the challenges and limitations of microfluidic membranes mimic for colloid filtration are 

discussed. 

1.1.1 Fundamentals of membrane processes 

A membrane is a semi-permeable barrier that allows the selective removal of particles, 

molecules, or ions from a solution 7. The transport of molecules through the membrane occurs 

due to the chemical potential difference between the two phases. In general, the membrane 

performance is characterized by permeate flux and salt rejection. In a pressure-driven porous 

membrane, the permeate flux (J) is governed by the pore flow model and is typically expressed 

by the Hagen-Poiseuille equation as follows, 

2
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where J is the flux per unit area,  is the pressure difference and t is the membrane thickness, 

 is the porosity, is the tortuosity, µ is the viscosity, and  is the radius of a pore. For a dense 

membrane, however, the transport phenomenon is governed by the solution-diffusion mechanism 

and is an intrinsic property of the membrane material. The relationship between the diffusion 

coefficient, D, the permeability, P, and solubility coefficient, S, can be given by 

                                                                      (1.2) 

In a porous membrane, the transport is controlled by the membrane morphology, not the intrinsic 

material property. Membrane morphology is characterized by the porosity (ε) and tortuosity (). 

The porosity (ε) is a measure of the fraction of the empty spaces to the total volume, or surface, 

which ranges <0.02 for nanometer-sized pore and >0.82 for micrometer-sized pores (considering 

pore size range from 1nm to 10µm). The tortuosity () is a measure of the average path length 

through a pore across the thickness of the membrane. Retention, R, is defined as an alternative to 

selectivity. Retention ranges from 0%, indicating no contaminant rejection by the membrane, to 

100%, indicating complete restriction to pass through membrane pores. Retention depends on the 

ratio of contaminant size to pore size and is expressed as,  

                                                                      (1.3) 

where, cp and cf are the concentrations of contaminants in the permeate and feed, respectively. A 

combination of water recovery (permeability P) and water quality (retention) provides an idea of 

a membrane separation performance.  

1.1.2 Fundamentals of microfluidics 
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Microfluidics refers to the precise control, manipulation, and multiplexing of fluid at the micron 

scale in at least one dimension. With this miniaturization, microfluidics enables analyzing fluid 

flow for conventional laboratory processes on a single chip. The main advantage of microfluidics 

is the increased ratio of surface-to-volume with improved performance, including rapid sample 

processing, high integrity, low reagent consumption, and precise fluid control.  

However, the microfluidic devices suffer from several limitations 28, 29. It is important to note 

that these devices are sensitive to surface physical and chemical properties 12, 29. At the micro-

level, the microfluidic fluid behavior can be affected by several factors such as surface tension, 

laminar flow effect, capillary, energy dissipation, and fluidic resistance 12, 30. More about 

fabrication techniques of microfluidic devices can be found in several reviews 11, 14, 31, 32. The 

common materials used for the fabrication of microfluidics are silicon, silica, metal, glass, 

polymer (PDMS) and paper 33. 

Modeling fluid flow in microfluidics is generally performed using continuum theory 34. This is 

because the smallest feature size that can be patterned using microfabrication is limited by the 

diffraction of light to 0.5m for contact photolithography 35, which is much larger than the mean 

free path of molecules. Hence, for an incompressible Newtonian fluid, the flow is defined by the 

Navier-Stokes and continuity equations as follows, 

( ) 2. b

u
u u f P u

t
  


+  = −  + 


                                                                   (1.4) 

                                                                      (1.5) 

where u is the velocity vector,  is the density of the fluid, P is the pressure, t is time,  is 

dynamic viscosity, and fb is the body force. Here, the inertial acceleration term appears on the 
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left and forces are on the right. For a concentration distribution, the convection-diffusion 

equation is applied as follows, 

                                                                                (1.6) 

where c is the concentration, and D is the diffusion coefficient. In a microfluidic device, often 

the magnitude of inertial and viscous forces are compared with non-dimensional Reynolds 

number (Re=ul/, where l is the characteristic length). Another non-dimensional number, the 

Peclet number (Pe=lu/D), is used to determine the ratio of convective and diffusive transport. 

1.2 Microfluidic membrane mimic (MMM) device 

In this section, a particular focus is placed on the methodology to bridge membrane technology 

and microfluidics. Different fabrication techniques, e.g., photolithography, soft lithography, hot 

embossing, micromachining, wet etching, dry etching, deep reactive ion etching (DRIE), 

injection molding, and E-beam lithography have been used so far. A broader discussion about the 

fabrication of microfluidic membrane devices can be found in several reviews 25–27. These 

methods can be divided into three major categories: (1) production of sieves; (2) production of 

an array of pillars or structures; and (3) membrane-less filtration. Table 1.1 summarises some of 

the different approaches within these three categories. 

Table 1. 1:  Summary of different approaches for microfluidic membrane mimics on-chip 

Methods Approaches Filtration mode Materials 

Production of sieves 

Insertion of membrane/sieve on chip-

sandwiched method 36–41 Dead-end & cross 

flow filtration 

PDMS chip 14, 15, 42–45 

Other polymeric chip 

38, 46–50 

Hydrogel based chip 

Direct casting of sieves made of 

permeable membrane 53, 61, 62 

2( . )
c

u c D c
t


+  = 
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Direct casting of sieves made of 

impermeable membrane 50, 63, 64 

51, 52 

Silicon and silica 53–55 

Zeolite 10, 56, 57, 

Alumina 58, 59, paper60 

etc. 

Production of an array 

of pillars or structures 

Pillars or structures made of 

impermeable membrane materials 22, 42, 

43, 65–68 

Dead-end filtration 

 

PDMS chip 42, 43, 65–68 

Teflon chip 22 

Membrane-less filtration 

Inertial transport and solute gradient69, 

70 

Dead-end & Cross 

flow filtration 

PDMS chip70–72 

Liquid membrane formation73–75 
PDMS chip74 

Glass 73, 76, 77 

Lipid membrane formation 78–81 

PDMS chip 79, 80, 82 

Other polymeric chip 

81, 83 

Mica and SiO2
78

 

Si3N4
84 

 

1.2.1 Production of sieves 

To produce sieves, the first, simple, easy and sophisticated way of fabricating microfluidic 

membrane mimic devices is to insert a membrane with the required pore size on to a chip. 

Second approach is the direct casting of sieves made of a permeable membrane where transverse 

and lateral filtrations take place as the particle can pass through the membrane pores and 

fabricated sieves. The third approach is the direct casting of sieves made of an impermeable 

membrane where transverse filtration takes place as the particles can pass through sieves only. 

For these three kinds, different materials, such as PDMS 14, 15, 42–45 and other polymeric materials 

38, 46–50, hydrogel 51, 52, paper 60, Si 53–55, zeolite 56, 57, 85, and alumina 58, 59, can be used. In a 

pressure-driven membrane filtration device, the dead-end or cross-flow MF membrane can be 



 

9 

 

fabricated with various sieve sizes (0.1µm-10µm) through which the feed solution can pass while 

components larger than the sieve size are retained. It is important to note that, to explore 

membrane properties, only the membrane mimic pore size area can be treated as a membrane 

surface area (excluding microfluidic channel). The fabricated microfluidic membrane filtration 

devices by sieve method have been broadly used for biological and medical applications 36, 46, 86–

88, fouling investigations 37, 63, 67, 89–91, chemical reagent detection 92, sample pre-treatment 47, oil-

water separation 93, 94, removal of macromolecules and aggregates 13, 15, 65, 66, 95, removal of 

solutes such as protein 63, 96, micro-reactor research 56, 97, DNA separation 59, 63, 98, controlled drug 

delivery 50, 59, 88, and pervaporation and gas separation 39, 42, 44, 99.  

Insertion of membrane/sieve on-chip  

The most straightforward method of creating an effective and low-cost microfluidic membrane 

mimic is to integrate a membrane on-chip to a traditional membrane by clamping or gluing 25. In 

the most common approach, an initial pattern is defined on a Si/glass wafer by lithography. After 

that, wet etching (using KOH or tetra-methyl-ammonium hydroxide solution) or dry etching 

(using RIE or DRIE) is performed following a proper recipe to etch the small features and micro-

channels. Lastly, a micro-patterned layer is bonded to a flat surface (glass) by using either an 

adhesive or a plasma bonding method to complete the microfluidic membrane assembly. This is 

best known as the sandwiched method. The assembled device allows having a “top view” of the 

pores for microscopic visualization. Di et al. 40 studied a microfluidic system for particle 

deposition during UF of KCl solutions containing 0.4µm (mean diameter) latex suspensions. 

Direct visualization of the deposition of particles onto the membrane surface was possible when 

they sandwiched PES membrane between a PDMS layer and a Si substrate (Figure 1.1(a)). 
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Cheng et al. 38 innovated a multilayer-filtration method by incorporating Cyclopore 

polycarbonate (PC) membranes (with a pore size of 3 μm) on an adhesive layer, which was fixed 

on a bottom fluidic channel layer made of polymethyl methacrylate (PMMA). Next, a 120µm 

thick PDMS layer and porous polytetrafluoroethylene (PTFE) membranes (with a pore size of 

0.2 μm) were assembled with top fluidic channels in a sequence, as shown in Figure 1.1(b).  

 

Figure 1. 1 Insertion of membrane on-chip. (a) A schematic of the microfluidic device integrated with a PES 

membrane sandwiched between PDMS layer and Si substrate40. Copyright 2017, reproduced with permission from 

Elsevier. (b) Schematic of layer sequence starting from bottom to top: Bottom fluidic channel layer, an adhesive 

layer, filtration membrane layer, PDMS layer, a top fluidic channel layer, hydrophobic degassing membrane layer 38. 

Copyright 2016, reproduced with permission from Royal Society of Chemistry. (c) Schematic of a double-filtration 

microfluidic device isolating extracellular vesicles with a size between 30 and 200nm based on particle size 

exclusion41. Copyright 2017, reproduced with permission from Nature Publishing Group.  

Liang et al. 41 developed an integrated double-filtration microfluidic device for the separation, 

enrichment, and quantification of urinary extracellular vesicles for the detection of bladder 

cancer. The primary and secondary filtration processes consisted of 200nm and 30nm pore size 



 

11 

 

membranes integrated along the cross-section of a microfluidic channel (Figure 1.1(c)). Insertion 

of porous membrane on-chip was not only limited to liquid flow but also used for pervaporation 

and gas separation 39.  

Direct casting of sieves made of a permeable membrane  

Another common approach for the production of sieves is to directly fabricate sieves inside a 

microchip. Fan et al. 61 reported a novel PDMS membrane filtration mimic (holes with diameter 

6.9-10.8µm) for fast and effective separation of circulating tumor cells from peripheral blood. As 

can be seen in Figure 1.2(a), the PDMS membrane is inserted between the top and bottom 

chambers with a sacrificial transferring film on top chamber by using a sandwich molding 

method. They achieved >90% recovery when separating lung cancer cells from peripheral blood. 

In another device, Li et al. 62 sandwiched a surface-micromachined PDMS MF membrane with 

high porosity between a top and a bottom PDMS layers (Figure 1.2(b)) and reported an enhanced 

permeation performance for the separation of white blood cells (WBCs) from whole blood. With 

a sample throughput of 1 mL/h, this cross-flow microfluidic filtration assembly recovered 27.4 ± 

4.9% of WBCs with a purity of 93.5 ± 0.5%. Ngene et al. 53 observed a local deposition of a cake 

layer during filtration of polystyrene particles (6µm) and described a new method for non-

invasive in-situ fouling characterization. To prepare the embedded channel membrane, fist, 

square silica capillaries were glued to a glass plate with double-sided tape. Next, a solution of 

PEI/PVP/NMP (19/11/70, w/w/w) was cast on a glass plate at room temperature and phase 

separation technique was used to release the membrane form the glass plate. Next, the membrane 

was left in the water bath and sodium oxochlorate (4000 ppm) to completely remove solvent. 

When the structured membrane was ready, they fused silica capillary in the channels and the 
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membrane with capillary was placed in between lamination sheet for sealing. SEM image of the 

embedded membrane channel is shown in figure 1.2 (c).    

 

Figure 1. 2: Sieves made of the permeable membrane. (a) (i) A sectional view and (ii) a side view of the 

microfluidic device integrated with PDMS microfiltration membrane (PMM) with a regular array of holes of 

diameter 6.9–10.8 μm capturing >90% of circulating tumor cells from peripheral blood 61. Copyright 2015, 

reproduced with permission from Elsevier. (b) (i) Cross-sectional SEM image showing a PMM sandwiched between 

the top and bottom PDMS layers. (ii) A top view of PMM membrane containing a hexagonal array of holes with a 

pore diameter of 4μm, a pore center-to-center distance of 12 μm and a thickness of 10 μm 62. Copyright 2014, 

reproduced with permission from Royal Society of Chemistry. (c) (i) Cross-sectional SEM image of a microfluidic 
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membrane chip with the channel and active membrane, (ii) SEM images show the uniformity of pores and (iii) SEM 

image shows the membrane surface 53. Copyright 2010, reproduced with permission from Elsevier. 

Leichle et al. 55 discussed a fabrication method to incorporate a Si membrane inside a 

microchannel and demonstrated a dead-end MF at micron-scale by retaining 300nm diameter 

polymer microspheres. de Jong et al. 100 reported Phase Separation Micro Molding method to 

generate thin polymeric microfluidic devices with tunable porosity. The tunable porosity of the 

chip materials was achieved using micro-molding phase separation technique offering a specific 

transport system for gasses, liquids, and solutes.  

Direct casting of sieves made of impermeable membrane  

Chen et al. 64 described a novel fabrication technique to generate a wide range of pore sizes in 

PDMS MF membranes. They created sieves (4µm diameter) by photolithography 

micromachining with PDMS material, where particles passed through the sieves only. Also, they 

added more layers with plasma bonding between PDMS-PDMS layers. Warkiani et al. 63, 

fabricated slotted and circular isoporous microfluidic membranes (Figure 1.3) by 

photolithography and electroplating. They found that membrane pore geometry played a 

significant role in flux decline without a sacrifice in selectivity. In another study, Metz et al. 50 

developed a polyamide microfluidic device with nanoporous filtration areas by micromachining 

and ion track technology to generate microfluidic channels and sieves, respectively. The cross-

sectional SEM images of the channel with sieves revealed perforation of only the top layer when 

the microfluidic channel was irradiated with ions of low energy and both layers when it was 

irradiated with ions of high energy. 
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The general advantage for the sieve method includes the flexible choice of membrane materials 

with the required pore size for specific applications. For example, these devices can be used for 

selective separation and sensitive detection of an element from a mixture. Another advantage is 

that during filtration, sometimes, unwanted air bubbles are trapped inside a microfluidic device. 

Cheng et al.101 reported a bubble and clogging free microfluidic device by incorporating a 

degassing membrane at the top of the membrane micro-chip assembly as shown in Figure 1.1(b). 

Liu et al. 99 discovered a novel, simple, nozzle-type, membrane-based debubbler that can be 

readily integrated with a microfluidic channel for complete degassing and to avoid the formation 

of air bubbles inside a microchannel.  

 

Figure 1. 3: Sieves made of impermeable membrane. (i) Microfabrication steps for the isopore membrane: (1) 

deposition of the seed layer (Cr/Cu) on a Si substrate, (2) spin-coating of a thick layer on the Si wafer and UV 

exposure through a mask, (3) development of the exposed film inside a developer, (4) electroplating of the Ni 
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between photoresist pillars, and (5) releasing the isopore membrane by dissolving the photoresist and seed layer in 

acetone and Cu etchant, respectively. (ii) SEM image of the circular pore membrane with 3µm diameter and (iii) 

SEM image of the slotted pore membrane with 3µm slit width 63. Copyright 2015, reproduced with permission from 

Springer Berlin Heidelberg. 

The most prominent challenge for the robust application of this method is the problem with 

sealing. To ensure sealing in a microfluidic membrane system clamping or stamping 52, 102, 

lamination sheets 53 and crosslinking agents 38, 103 have been used so far. 

1.2.2 Production of an array of pillars or structures 

In this section, the production of an array of pillars or structures used as on-chip membrane pores 

is reviewed. Microfluidic PDMS microchips are fabricated with an array of narrow parallel 

pillars or micro-posts, enabling a “side view” of the pores, which is complementary to the top 

view obtained in the membrane filtration studies using micro-sieves discussed earlier 15, 41, 56, 58, 

60–62, 66. The side view is important to observe the developing thickness of a fouling layer on a 

membrane surface.  

Peterson 104 critically reviewed solid supports for micro-analytical systems including microchips 

with beads, incorporating membranes into chips, creating supports using microfabrication, 

fabricating gels and polymer monoliths within microfluidic channels. Gossett et al. 95 reviewed 

and designed weir-type, pillar type, and cross-flow type microscale filters. Yoon et al. 65 and 

Devendra et al. 105 developed a clog-free microfluidic filtration device by creating a single pillar 

row for micro-particle separation in a continuous operation. The SEM image of a single row of 

pillars is shown in Figure 1.4(a) 65. A similar study was done by Chen et al. 66 with two 

consecutive PDMS pillar rows that was utilized for blood cell separation application. Chen et al. 

42 used a dissolving mold technique to fabricate dissolvable polymeric pillar membranes. Marty 
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et al. 67 studied the impact of tortuosity on bacterial streamer formation by fabricating straight 

and staggered square arrays of pillars, as shown in Figure 1.4(b). A similar study was done by 

Biswas et al. 106 with a circular pillar arrangement to investigate the dynamics of bacterial 

streamer in a microfluidic system. Figure 1.4(c) shows a complex microfluidic system with 

asymmetric PDMS microchannel 43. 

Chen et al. 66, 107 designed cross-flow micro-separators for the separation of plasma and blood 

cells from human blood based on size-exclusion mechanism. The most significant advantage of 

this kind of device is that it enables the use of specific channel geometries. Also, as mentioned 

before, the side view of the pore adds significant value to the fouling investigations, which is not 

possible in sieve method.  

1.2.3 Membrane-less filtration 

Here we refer to the filtration methods where separation is based on inertial flow, solute gradient, 

liquid membrane formation by two-phase or multi-phase flow, and the production of the lipid 

bilayer in a microfluidic device. For example, Seo et al. 69 and Warkiani et al. 70 reported inertial 

migration in a microfluidic device resulting in membrane-free MF, thus eliminating the need for 

filter replacement and external force. They introduced curvilinearity to the channel design where 

the equilibrium position of the particles depends on the balance between shear-induced and wall 

induced lift force and drag force. Thus, two-counter rotating vortices in the top and bottom half 

of the channel (i.e., Dean vortices) were generated and majority of the particles were trapped on 

the outer wall, facilitating the filtration. Shin et al. 71 developed membrane-less water filtration 

techniques by exposing negatively charged suspended particles (polystyrene, diameter 0.5 mm, 

zeta potential  -70 mV) to CO2. Due to the dissolution of CO2 into the suspension, large 
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diffusion potential was generated by the dissociation of carbonic acid. Thus, a solute gradient 

was generated which drove the phoretic motion of the suspension either away from or towards 

the gas-liquid interface depending on the surface charge. 

 

Figure 1. 4: Pillars or structures made of the impermeable membrane. (a) (i) SEM image of a microchannel 

containing a diagonally aligned single row of pillars (30 µm thick pillars) with pillar gap (ii) 12 μm for sieving PS 

particles, and (iii) 7μm for sieving cancer cells from whole blood 65. Copyright 2016, reproduced with permission 

from Nature Publishing Group. (b) Schematic representation of the microfluidic channel working in a dead-end 

mode with dimensions as shown. The inset details the filtration zone with different micro-channel geometries: 

straight rectangular, straight squared and staggered squared pillars (from left to right) with 10µm gap 67. Copyright 

2014, reproduced with permission from AIP Publishing. (c) A microchannel system fabricated in a basket weave 

pattern. (i) Schematic of the top and bottom masters resulting in a membrane sandwich. Features in photoresist 

oriented in the y-direction are marked darker than those in the x-direction. (ii) The optical image (looking down the 

z-axis) of the PDMS membrane containing 88 channel system. The channels are 100µm wide (x- or y-direction), 

and each of the three levels used in the fabrication is 70 µm high (z-direction) but is not enclosed. (iii) SEM image 
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of the basket weave. It was obtained by filling the microchannel with the epoxy prepolymer, curing under ultraviolet 

light for 10 min, and dissolving the PDMS casing in tetrabutylammonium fluoride 43. Copyright 2000, reproduced 

with permission from American Chemical Society.  

Another membrane-less filtration is the generation of a liquid membrane inside a microchip by 

two-phase, three-phase or multiphase flow. By two-phase flow, SooHoo and Walker 74, separated 

leukocytes when whole blood cells were simultaneously exposed to polyethylene glycol and 

dextran phase streams. The cells were separated based on their differential affinity for the 

streams 74.    Maruyama et al. and Surmeian et al. 73, 77, created liquid membrane by three-phase 

flow through a micro-chip to isolate metal ions and to investigate molecular transport, 

respectively. Sato et al. 76 reviewed chemical and biochemical analysis systems using 

microfluidic devices for multi-phase flow liquid membrane production.  

Lastly, the membrane-less microfiltration can be explored for the production of lipid bilayers. A 

model lipid bilayer comprised of single or multiple component lipids 78. A lipid bilayer 

formation can last for 2-3 days allowing the robust characterization of the same lipid membrane 

78, 84. Malmstadt et al. 79 developed a self-assembled lipid bilayer structure driven by a solvent 

extraction process in a microfluidic device. Watanabe et al. 81 reported the formation of more 

than 10,000 asymmetric on-chip lipid bilayer membranes for pharmacological applications. 

While a thorough review is beyond the scope of this chapter, many studies can be found on 

artificial lipid membrane technology 80, 82. 

1.3 Microfluidic colloid filtration  

Colloids have a strong tendency to foul the membrane, considerably decreasing permeate flux 

and the quality of the filtrate. Numerous efforts have been made to understand the colloidal 
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fouling of membranes by ex-situ methods108, 109. However, challenges remain for the in-situ 

experimental technique to understand hydrodynamic effects, locate particle capture and quantify 

the physicochemical interactions occurring during colloid membrane filtration at the pore scale. 

Microfluidic membrane filtration is a breakthrough technology in understanding these fouling 

phenomena. Microfluidic membrane devices provide a large internal surface area to volume ratio 

that facilitates studying, analyzing and controlling membrane-colloid, and colloid-colloid 

physiochemical interactions. Microfluidic membrane mimics are handy tools to conduct a real-

time visualization of complex colloidal suspension which causes fouling at the pore scale67, 80, 

110–112. Moreover, using a microfluidic device, it is possible to generate a uniform array of pores 

to start with a simple flow and thus to perform a systematic analysis.  

1.3.1 Fundamentals of colloid filtration 

Colloids are microscopically-dispersed, insoluble, suspended particles whose characteristic size, 

in at least one spatial direction, is between 1 nm and 1 µm 113. Colloids include a broad range of 

materials including particles, surfactants, and polymers and can be of three distinct phases (solid, 

liquid and gas), depending on the dispersed phase and dispersion media. In colloid membrane 

filtration, critical flux is defined as the permeate flux above which irreversible colloidal fouling 

occurs. At the beginning of filtration, critical flux is governed by a balance between drag force 

and colloid-surface interactions. Over time, colloid-colloid interactions also come to play. 

However, the dispersion stability and the fouling scenario may vary at the pore scale. Besides 

these two types of interactions (colloid-surface and colloid-colloid), at the pore scale, critical 

flux can be influenced by hydrodynamic effects, the local morphologies, and the topography of 

the membrane surface 91.  
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To understand the process of particle capture on the membrane surface in colloid membrane 

filtration, surface interactions must be understood. Experimental observations with various 

colloidal dispersions have shown that colloidal stability due to colloid-surface interaction varies 

the permeate flux. Yao et al. 114 suggested a classical colloid filtration theory (CFT) to describe 

the filtration of colloidal particles. In this model, the removal of colloidal particles by a 

membrane is considered to follow the first-order kinetics, causing an exponential decline of 

colloidal concentration from the surface to the bulk. Tufenkji et al. 115 showed the deviation from 

the CFT in the light of DLVO theory. Their experimental study suggested that secondary energy 

minimum and surface charge heterogeneities played critical roles in significant deviation from 

CFT. Observation of these phenomena is very important to understand fouling behavior and the 

formation mechanism of a cake layer. A growing body of experimental research suggests that the 

deposition behavior of microbial particles (e.g., bacteria and virus) is inconsistent with the 

classical CFT. These results have important implications for the prediction of colloidal and 

microbial transport and their interactions in natural and engineered systems 115, 116.  

Theoretically, the surface interaction for colloid filtration is generalized into two categories: 

colloid-surface interaction and colloid-colloid interaction 91. Colloid-surface interaction can be 

expressed by a net flux (Jcs), which is a balance between the convective term and a diffusive term 

for a single particle-surface interaction and is given by 

                                                                    (1.7) 

Here, the first term on the right-hand side is convective transport; the second term indicates 

diffusive transport and the third term shows the relocation of colloids to the membrane surface, 

due to surface interactions. The third term can be positive or negative respectively, depending on 

cs

d D dV
J J D

dz kT dz


 = − −
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the attractive or repulsive surface interaction potential. A schematic representation of a single 

particle interacting with surface and corresponding critical operating conditions for the deposited 

state is given in Figure 1.5(a) 91.  

 

Figure 1. 5: (a) Colloid-surface interaction: a schematic of the representation of a single particle interacting with the 

membrane surface, and the corresponding critical condition is given for a deposited state. (b) Colloid-colloid 

interactions: a schematic of the representation of many-body colloid-colloid interactions, and the corresponding 

critical operating condition is given for a transition from dispersed state to solid state 91. Copyright 2011, reproduced 

with permission from Elsevier. 

A critical permeation flux (Jcr) can be defined by obtaining a balance between the convective 

term (drag force) and the repulsive interaction between the colloid and the surface. The critical 

flux (Jcr) can be calculated from the continuity equation and the DLVO potential interaction and 

can be linked to the critical Peclet number (Pecr) as follows 117 

                                                                      (1.8) 

                                                                      (1.9) 

cr cr

D
J P


=

ln cs
cr

V
P



 
=  

 



 

22 

 

where  is the mass boundary layer thickness which depends on the fluid velocity, u. Vcs is the 

colloid-surface interactions expressed in terms of the colloid-surface interaction potential, V(z), 

as, 

                                                                   (1.10) 

A critical Peclet number (Pecr) can be defined above which a solid phase transition occurs. For 

many-body colloid-colloid interactions, the net flux towards the membrane surface can be 

expressed as, 

                                                                (1.11) 

where the second term on the right-hand side represents the many-body colloid-colloid 

interactions. The modified diffusion coefficient can further be expressed in terms of the 

gradient of osmotic pressure via Stokes-Einstein relationship 91, 117, 118. In this case, a transition to 

a solid-state occurs when the concentration is high enough that the attraction between colloid-

surface overcomes the dispersive force. A schematic representation of the many-body colloid-

colloid interactions with membrane surface, and critical condition for solid-state, is shown in 

Figure 1.5(b) 91. In a cross-flow filtration, the Pecr can be expressed as 91 

                                                                 (1.12) 

which depends on the permeate flux, as well as, the thickness of the boundary layer, . In dead-

end filtration, the Pecr depends on both the permeate flux and the accumulated mass of colloids 

(Va is proportional to filtered volume), which is expressed as 91 
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                                                                 (1.13) 

In summary, when analyzing the critical flux, one can decipher the formation of a fouling layer 

on the membrane surface by considering the influence of the hydrodynamics and the colloid-

surface, and colloid-colloid interactions at the pore scale. Thus, developing an experimental 

method with the in-situ device would improve our understanding of colloidal fouling.  

1.3.2 Microfluidic colloidal fouling 

Several factors can affect the fouling behavior in a membrane 8, 9, 108. A number of studies in the 

literature have shown that membrane fouling is influenced by the local structure of the 

membrane, as well as the interplay between the hydrodynamic and complex behavior of feed 

components and the membrane surface 8, 9, 108, 109, 119. Based on earlier observations of on-chip 

microfluidic membrane fouling 40, 90, 110, colloidal fouling mechanisms are classified as: (1) cake 

layer formation at the upstream (membrane surface); (2) pore fouling of membrane pores; and 

(3) streamer fouling at the downstream (permeate side). Table 1.2 summarises fouling 

phenomena observed in microfluidic filtration devices. 

Table 1. 2: Categorization of colloidal fouling observed in a microfluidic membrane filtration system. 

Mechanism Colloids Location Factors affecting this phenomenon 

Cake layer 

fouling 
Dilute or stable suspensions 

Upstream of 

membrane 

Hydrodynamic conditions 

Flux, crossflow velocity, pressure 

Feed solution properties 

Foulant type, concentration, pH, ionic 

strength, the presence of coagulants and 

flocculants 

Surface interaction 

Surface charge, surface functional group 

Pore fouling Aggregates and flocs Membrane pore 

Streamer 

fouling 

Concentrated or unstable 

solution, viscoelastic 

solution 

Downstream of 

membrane 
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Effect of pore geometry 

Microchannel entrance geometry 

Sieve size 

Gap between pillars 

 

Cake layer fouling 

At the beginning of filtration experiments, suspension stability plays an essential role in the 

deposition of particles on the membrane surface. Over time, stable arches are formed at the 

entrance pore, from which valuable information about a balance between hydrodynamic force 

and interfacial forces can be obtained 120. Agbangla et al. 121 identified the critical conditions for 

the formation of arches, leading to deposit formation, in terms of particle concentration, solution 

velocity, and critical flux. As filtration continues, deposit formation eventually leads to stable 

cake layer formation. Ngene et al. 53 described a new method for obtaining a side view of the 

formation of a homogeneous cake layer at the channel entrance by the dead-end filtration of 6µm 

polystyrene particles.  

During filtration, hydrodynamic effects, particle suspension properties (ionic strength and pH), 

surface interaction potential, and channel geometry play significant roles in particle capture as 

listed in Table 1.2. An experimental study by Bacchin et al. 89, 91, 122 showed two types of fouling 

phenomena occurring in PDMS MF microfluidic membrane mimics. Latex particles 

(4.9±0.21µm) with a negatively charged functional sulfate group were used as suspensions in 

two surface conditioning of PDMS surface: more hydrophilic surface conditioning by 10-1M KCl 

and more hydrophobic surface conditioning by ultra-pure water 91. For ultrapure water 

conditioning, they observed cake layer formation (Figure 1.6(a) (i)). On the contrary, for a more 
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hydrophilic surface, they observed dendrites formation (Figure 1.6(a) (ii)) after 90 min of 

filtration. They explained that more hydrophilic KCl conditioning caused lower collision 

efficiency of particles with the PDMS wall at the microchannel entrance. On the contrary, the 

formation of arches could be promoted by an efficient lateral collision between the particles and 

the wall, eventually forming a cake layer for a less hydrophilic surface 91. From their 

experimental findings, Derekx et al. 123 claimed that the PDMS microfluidic mimic membrane 

with a 20µm pillar gap was prone to fouling by latex particles of 1µm to 1.25µm diameter. A 

similar cake layer formation was observed by Linkhorst et al. 90. They observed a colloidal cake 

layer formation when they infused microgels (2.2µm diameter) through 20µm pillar gap under 

constant flux (Figure 1.6(b)(i)) 90. A longer constant flux filtration resulted in the growth of the 

cake layer and an increase in the trans-cake pressure drop over time. Eventually, the microgels 

escaped stress by reorganising into energetically favourable structures such as larger crystalline 

regions (Figure 1.6(b) (ii)). 
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Figure 1. 6: (a) Microfluidic observation of cake layer formation: microfluidic images showing stable cake layer 

formation with time for 20µm pillar gap for (i) ultrapure water conditioning and (ii) KCl solution conditioning of 

PDMS surface 91. Copyright 2011, reproduced with permission from Elsevier. (b) (i) The build-up of the cake layer 

during filtration of microgel suspension and (ii) increasing pressure increases crystallinity 90. Copyright 2016, 

reproduced with permission from Nature Publishing Group. (c) Effects of ionic strength: fouling rates calculated 

from the flow stepping experiments at different solution ionic strengths: 0.01mM, 10mM and 100mM of KCl. The 

inset images are the observations for 10 mM suspensions before and after deposit formation, and (d) Effect of 

entrance geometry on flow rate and fouling with square entrance (DS10) and tilted funnel entrance (DT10). 

Filtration results were at constant pressure (200mbar) for low (0.01mM) and high ionic strength (100mM) of KCl 

demonstrating higher flux decline for DT10. D denotes dead-end flow, S and T denote square and tilted pillars, 

respectively, and 10 is the channel width 110. Copyright 2016, reproduced with permission from American Chemical 

Society. 
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Sendekie et al. 110 showed colloidal surface interactions played a significant role in the 

permeability at the pore scale. At first, critical flux was determined by a flux stepping 

experiment. Sulfate-modified polystyrene particles (5µm) were used under KCl conditioning 

(0.01mM, 10mM, and 100Mm) as fouling material (Figure 1.6(c)). They found that particle 

capture (fouling rate) was more significant for low flow rates and high ionic strengths. This was 

because increasing ionic strength reduced electric double layer (EDL) repulsion and lowered the 

energy barrier for particle-surface interaction (Figure 1.6(c)). Therefore, critical flux increased 

when repulsive forces were more dominant for colloid-surface interactions of 10mM KCl 

solution (Figure 1.6(c)). Bacchin et al. 89 experimentally demonstrated the effects of channel 

connectivity and tortuosity on the particle capture by using a straight rectangular microchannel, 

and a straight and staggered array of square pillars in PDMS microchip. They concluded that the 

progressive capture of particles occurs on the internal layers as tortuosity increases. Later on, the 

pore plugging progressed toward the upstream, blocked the channel entrance, and led to the 

formation of a cake layer. In addition, greater particle deposition on the surface of the square 

pillars was observed when the pillars were staggered. The increase in fouling by increasing the 

tortuosity was attributed to the presence of more flow stagnation zones 110. Sendekie et al. 110 

investigated the effect of microchannel entrance geometry on permeation and fouling properties 

(Figure 1.6(d)). Permeability loss was more severe for tilted funneling entrance (DT10) 

compared to the square entrance (DS10) though greater particle deposition was observed for 

DS10. This was because the square geometry resulted in a larger flow stagnation area 110, which 

was in good agreement with the classical CFT 124. From Figure 1.6 (d) (iii), they attributed the 

higher flux decline for DT10 to pore fouling phenomenon and less flux decline for DS 10 to 

more cake layer formation.  
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Pore fouling 

Cake layer formation and pore-clogging can be reversible through collapse and expulsion of 

deposited particles or aggregates. When the flow velocity over adhered particles, or the 

hydrodynamic forces exceed the repulsive surface interaction force (due to particle-particle and 

particle-surface interaction), the aggregate begins to collapse or sliding off the walls to the pore 

110. As a consequence, it can substantially affect the permeation flow rate. A similar collapse of 

the cake layer was observed in membrane filtration by other researchers 125, 126.  

During colloidal fouling, colloidal particles aggregate, coagulate, flocculate and begin to plug the 

membrane pores. Pore fouling results from progressive particle accumulation, as the pores begin 

to narrow with the formation of more robust flocs or stable arches. Fouling can be a result of all 

the factors listed in Table 1.2, and hydrodynamic effects can be altered due to pore fouling. The 

process of pore fouling continues until all pores are blocked, resulting in a significant drop in 

permeability for constant pressure filtration, and pressure build-up for constant-flux filtration. 

Sendekie et al. 110 made a significant observation of these phenomena from a microfluidic 

experiment. Figure 1.7(a) shows pore fouling downstream of pillars for a 10mM KCl solution. 

They reported the presence of a secondary energy minimum for a 10mM KCl solution along with 

the moderate colloid-surface repulsion at the channel gap. As a result, fluid drag force and shear, 

dragged particles along the pore wall until they reach the stagnation point in the downstream of 

pillars (Figure 1.7(b)).  

Sendekie and Bacchin 110 also successfully demonstrated the dynamics of pore-clogging with a 

reasonable relation to an energy barrier. Based on their study, three pore-clogging scenarios can 

be observed: the panic; the herding instinct; and the sacrifice. Figure 1.7(b) summarises clogging 

dynamics based on variations in the ionic concentration of KCl. Considering colloid-colloid and 
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colloid-surface interactions, as well as the deposit structure, specific resistance, and relaxation 

property, they explained the scenarios mentioned above. First, high repulsive barriers for 0.01 

mM KCl caused force chains that sustained the clogs and thus has led to the formation of dense 

arches (the panic). Second, a significant secondary minimum at 10 mM KCl caused coordinated 

transport where a pulling effect caused by attraction forces between particles enabled the transfer 

of the clusters through the bottleneck and delayed the clog formation (the hardening instinct). 

Third, the low repulsive barrier at 100 mM KCl caused a high collision frequency, leading to the 

attachment of particles to the walls and the formation of fragile clogs (the sacrifice) 110.  

 

Figure 1. 7: (a) Observation of pore fouling for 10mM KCl solution at the downstream of pillars. (b) Demonstration 

of the link between DLVO theories, the experimental results, and the fouling scenarios. Copyright 2016, reproduced 

with permission from American Chemical Society.  

Streamer fouling 

Colloidal fouling in a porous media can lead to streamer formation at the downstream pores 127, 

128. Streamers are a filamentous structure containing bacterial cells encapsulated in a biopolymer 

matrix called extra-cellular polymeric substances (EPS) 129, usually formed in hydrodynamic 
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flow condition 130, 131. The formation of bacterial streamers can significantly affect fouling of the 

filtration unit and lower its performance 67, 106, 132. What’s more, medical devices are prone to 

fouling due to streamer formation 130, 133. Biswas et al. 106 studied the deformation mechanism of 

bacterial streamer occurring at the downstream location of micro-pillars arranged in a staggered 

pattern (pillar gap 10µm) (Figure 1.8(a)). Marty et al. 67, 127 fabricated microfluidic membrane 

mimic with dead-end and cross-flow filtration modes to observe physical processes governing 

biofouling. Direct observation of bacterial streamer formation was conducted downstream of the 

pillars (pillar gap 10µm or 20µm) using E. coli, P. aeruginosa, and S. aureus bacterial 

suspensions. 200µm long streamer grew after an hour, filtration experiment. Streamer growth 

and morphology were found to be influenced by the geometry of the device. Streamers were 

longest for the staggered arrangement of square pillars 127.  

 

Figure 1. 8: (a) Bacterial streamer formation and breaking with time (P. fluorescens) under fluorescence imaging 

with Green filter cube at U = 8.92 × 10−4 m/s. (i–iv) Show the stretching of one streamer with time, and the final 

breaking point shows in (iv). The arrow is showing the flow direction 106. Copyright 2016, reproduced with 

permission from Nature Publishing Group. 
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1.4 Challenges to study membrane fouling in ex-situ experiments 

The major challenge in all membrane processes is the fouling, and a systematic understanding of 

the fouling mechanisms remains unexplored 134, 135. For many decades, cake layer/gel 

formation136, 137, concentration polarization138, and pore-clogging139, 140 were known as the 

primary mechanism for flux decline through the membrane141. However, we encountered a new 

kind of fouling called streamer fouling, which occurred on the permeate side. A particular 

interest of fouling was the irreversible combined fouling (colloidal and organic), which showed 

more severe flux decline than the individual fouling phenomena142–144.  

In general, a membrane is considered an opaque system in which post-filtration analysis of the 

fouling layer and permeate stream is conducted to evaluate the filtration process. However, 

capturing the real morphology of the fouling layer might be challenging in common ex-situ 

experiments as the soft foulant materials might collapse during drying and in high vacuum 

conditions. This challenge can be overcome using a microfluidic system, mimicking a membrane 

module. The in-situ microfluidic system can be used for analyzing real-time fouling at pore-scale 

under optical microscopy.  

1.5 Research objectives  

In summary, based on the above literature, we can conclude that the microfluidic filtration 

system can serve as an important tool to study the colloidal fouling. Cake layer formation and 

pore-clogging have been studied vigorously, but streamer formation is yet to be explored. Also, 

among all kinds of membrane fouling (colloidal, organic, and biofouling), we found limited 

studies that examined the severe effect of combined colloidal and organic fouling on membrane 
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performance142, 144–148. In this regard, a microfluidic device has become an essential tool to 

explore more about fouling at pore scale.  

The interesting questions which remained unanswered are: (1) what are the microscopic events 

of membrane fouling? (2) Do parameters like flow rate, pH, pressure, and geometry play a 

crucial role in combined fouling in a microfluidic device? (3) How the colloidal fouling 

dynamics can be correlated to the membrane performance?  

Given that, the main objectives of this research are the real-time investigations of colloidal 

fouling in a microfluidic device and correlating the fouling phenomena with membrane 

performance. In pursuit of these objectives we have divided the research plan into three parts. 

We first investigated real-time combined fouling in microfluidic porous media mimics with a 

pillar gap 25µm. Then, we studied the combined and individual fouling phenomena in an MMM 

device with pillar gap 2µm. Finally, we calculated the interaction energies of components 

(foulants and membranes) and investigated the role of secondary energy minimum on fouling 

phenomena in MMM device. In summary, the main objectives of this research are as follows: 

1. Real-time investigation of combined colloidal & organic fouling in a microfluidic system 

(pillar gap 25µm). 

2. Real-time investigation of combined colloidal & organic fouling in a microfluidic 

membrane mimic (MMM) device (pillar gap 2µm). 

3. Correlation of fouling at pore-scale with the interaction energies of microfluidic 

membrane material and foulants. 
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1.6 Thesis structure 

The present dissertation is organized in a paper-based format. Chapter 1 provides a review of the 

microfluidic mimic for colloidal membrane filtration and several methodologies for fabricating 

microfluidic membrane on-chip.  

Chapter 2 reports the phenomenon of formation of colloidal aggregates in the form of thin 

slender strings called abiotic streamers/colloidal streamers when a polyacrylamide (PAM) 

solution, laden with polystyrene (PS) beads is introduced into a microfluidic device containing 

an array of micropillars. This phenomenon was observed only when PAM and dilute solutions of 

PS beads are introduced into the microfluidic channel through two separate inlets. The particle 

aggregates initially had a string-like morphology that were tethered at their ends to the 

micropillar walls, while the structure remained suspended in the fluid medium. Such morphology 

inspired us to name these structures as colloidal streamers. The flow regime under which 

colloidal streamer formation was observed is quantified through state diagrams. We discussed 

the streamer formation timescales and also showed that the streamer formation is likely the result 

of flocculation of PS beads. Streamer formation has implications in investigating downstream 

fouling phenomena in microfluidic membrane fouling. 

Chapter 3 presents the summary of fouling phenomena observed in an MMM device and 

correlates the fouling phenomena with the membrane performance parameters like flux, pressure 

and fouling percentage. The fouling study was performed with foulants such as polystyrene 

particles and large polymeric molecules in an MMM device consists of a staggered arrangement 

of pillars with a pillar gap 2µm, mimicking a microfiltration membrane pore size for the first 

time. This device enabled real-time visualization and analysis of fouling at pore-scale. Different 
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fouling scenarios were investigated by conducting constant-pressure experiments and 

considering three different types of foulants: polystyrene particle solution (colloidal fouling), 

polyacrylamide polymer solution (organic fouling) and a mixture of these two solutions 

(combined fouling). 

Chapter 4 investigates the fouling of polystyrene (PS) and silica (SiO2) in a microfluidic 

membrane mimic (MMM) device. The MMM device consists of an array of micro-pillars, 

mimicking the pore size (hydraulic diameter, dh ~3µm) of a microfiltration membrane. The 

MMM device enabled real-time visualization and analysis of the fouling phenomena at pore-

scale. The constant-pressure dead-end filtration resulted in cake layer with no downstream 

fouling for SiO2 and cake layer with downstream fouling for PS at different ionic concentrations. 

The fouling trends were confirmed by the measured interaction energies among foulant particles 

and between foulant and clean membrane by contact angle method. Experimental results suggest 

that the presence of higher energy barrier and secondary energy minimum plays an important 

role in mitigating membrane fouling. Additionally, microfluidic back-washing experiments 

showed that the majority of the PS particles were released from the cake layer by water channel 

formation while in case of SiO2 formation of water channel was not prominent. 

Chapter 5 summarizes the significant findings and provides concluding remarks and possible 

future directions of research.  

1.7 Author’s contribution 

In this dissertation, a novel fouling phenomenon called colloidal streamer fouling has been 

observed, identified and quantified. The author established a microfluidic membrane mimic 
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device (MMM) (hydraulic diameter ~ 2.86µm) that can mimic a microfiltration membrane pore 

size (0.1-10µm). The author directly contributed to the design and fabrication of the MMM 

device. The author performed a parametric study on the effect of influential parameters on 

fouling at pore scale and visualized colloidal streamer fouling using fluorescence and confocal 

microscopy. All the data analysis and the experimental uncertainty analysis were performed by 

the author. The author designed the photomask, performed photolithography, silicon wafer 

etching, PDMS casting on silicon mold by using cleanroom facilities available at nanoFAB at the 

University of Alberta. The author prepared the foulant samples, conducted all fouling 

experiments, identified, analyzed and quantified several fouling phenomena. Image and video 

analysis software like NIS element AR interface software, ADOBE FIREWORKS CS6, ADOBE 

PREMERE PRO, ADOBE PREMERE RO AFTER EFFECTS CC, Origin, MATLAB are used 

for data processing. The author performed the SEM, zeta potential analysis, rheological 

measurements. The author would like to thank Dr. Ishita Biswas, Dr. Mahtab Hassanpourfard, 

Dr. Tanushree Ghosh and Md. Farhad Ismail for their valuable insights to this research. 
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Chapter 2 

 

Abiotic streamers in a 

microfluidic system† 

 

 

 

 

 

 

 

 

†The materials of this chapter has been published in “N. Debnath, M. Hassanpourfard, R. Ghosh, 

J. Trivedi, T. Thundat, M. Sadrzadeh & A. Kumar, “Abiotic streamers in a microfluidic system”, 

Soft Matter, Vol. 13, I. 46, p. 8698- 8705, 2017.”  
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2.1 Introduction 

Flow of colloidal dispersions through porous media is a topic of substantial contemporary 

interest due to its applications to both natural149, 150 and artificial systems151, 152. Even in this 

category, suspensions of particles dispersed in viscoelastic media are increasingly relevant due to 

their applications in enhanced oil recovery153, 154, drug delivery and diagnostics155, 156 and also to 

manufacture polymer nanocomposites157. A popular set up to investigating such flows through 

porous media are their microfluidic devices132, 158, 159. These are not only geometrically similar 

but can also capture several aspects of the complexities of flow in porous media such as the 

presence of both shear and elongation flow160, while amenable to optical microscopy and other 

analytical techniques.  

For instance, Campo-Deano160 reported gelation when Boger fluids made from polyacrylamide 

(PAM) and NaCl was flown through a microfluidic device with micropillar array. Interestingly, 

it is well known that when colloidal suspensions experience flow, distinct structural aggregation 

states can be observed161–163. But in non-Newtonian fluids, flow-induced alignment and/or 

particle aggregations are observed for even dilute flows163, 164; a phenomenon not seen for 

particles dispersed in Newtonian fluids. In another study Babayehkhorasani et al.165 used 

numerical studies to study the flow of dispersion of particles through ordered and disordered 

two-dimensional porous media analogs. They found that the confining effects of geometry at the 

microscale coupled with solution rheology dictate particle dispersion. Despite these studies, 

understanding of flow of colloidal suspensions in non-Newtonian media in porous media analogs 

remains poorly understood161, 162, 165. In particular, flow induced aggregations in dilute colloidal 

suspensions in porous architecture need to further investigated.  
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Here we investigate the flow of a dilute solution polystyrene beads (PS) suspended in PAM 

using a micro fabricated porous media analog consisting of an array of micropillars arranged in a 

staggered grid pattern. Our device exhibits pore-sizes that are O(10-5) m, a range that is often 

found in artificial and natural porous structures such as microfiltration membranes and soil159, 166, 

167. We employed a two-inlet microfluidic channel which then leads to an array of micropillars as 

our porous media analog. In this work, we investigated the combined flow of PAM (0.2% w/w) 

and polystyrene bead solutions (0.1% w/w) through this device. The concentrations of PAM and 

PS are denoted by CPAM and CPS respectively. The two solutions were introduced into the 

microchannel through the separate inlets (PAM at volume flow rate QPAM and PS bead solution at 

QPS) resulting in a flow exhibiting very low Reynolds number (i.e. Re<<1). It was found that for 

flow neutral pH PS solutions, when the mass flow rate of PS beads exceeded PAM solution, i.e. 

𝐶𝑃𝑆𝑄𝑃𝑆 ≥ 0.6𝐶𝑃𝐴𝑀𝑄𝑃𝐴𝑀 PS beads aggregated to form thin slender string-like structures, We 

named this string-like structures ‘streamers’; this name is inspired by similar structures found in 

microbial flows through porous media and microchannels132, 168. Streamer formation was also 

observed for different pH PS solutions although the relative mass flow rates necessary varied 

considerably. The myriad results are condensed into state diagrams to succinctly quantify the 

phenomena. We hypothesized a flocculation-based route to streamer formation and find that ex 

situ aggregation of PS beads in the presence of PAM is able to qualitatively explain the results of 

in situ experiments. 

2.2 Materials and Methods 
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PAM and PS solution preparation 

The Polymer solution was prepared by dissolving 1g of polyacrylamide powder (PAM: A-8354, 

Kemira, AB, Canada) into 500mL of normal tap water. Then, the PAM solution (0.2% w/w) was 

agitated at 600 rpm with an overhead stirrer (Caframo, ON, Canada) for about three hours to 

ensure proper mixing (Figure 2.1). Further, Fluorescein sodium salt (Excitation at 460nm & 

Emission at 515nm) (Sigma-Aldrich, ON, Canada) was also added to the PAM solution to make 

it green fluorescent. The particle solution was prepared by diluting 200nm amine-coated PS 

beads (Excitation at 580nm, Emission at 605nm) (Life Technologies, ON, Canada) with 

deionized water till a 0.1% w/w suspension of PS beads was attained. Under fluorescence 

microscopy the PAM and PS beads appeared green and red, respectively. PAM and PS solutions 

were separately injected into the two inlets of microfluidic channel by using a dual-syringe pump 

(Harvard Apparatus, MA, USA). The flow rate was controlled by the pump to maintain a 

constant volume flow rate for both syringes. The syringes (3 mL each) were connected to the 

microchip by Tygon tubing (ID 0.01mm, Fisher Scientific, AB, Canada).  

 

Figure 2. 1: Schematic of the preparation of polymer solution at room temperature. 2g of polymer were mixed with 

500ml of normal tap water (0.2% w/w PAM solution) and mixed at 600 rpm for at least 3 hours to ensure 

homogenization. 
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Microfluidic chip fabrication 

The polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, NY, USA) chip with the required 

microchannel design was prepared by conventional photolithography from a 4ʺ silicon master 

mold. Our microfluidic device contained two inlets (Figure 2.2(a)) and a central channel 

containing an array of micropillars with an out-of-plane height h and diameter d of 50µm each 

(Figure 2.2(b),(c)). The distance between center of pillars and gap between two consecutive 

rows, s, was 75µm. Width, w, of the microchannel was 625µm. The array consisted of 8 (across 

breadth)  50 (across length) micropillars (Figure 2.2(b),(c)). The PDMS stamps and cover slip 

were bonded together by using oxygen plasma-activated bonding for 30 seconds. Further, they 

were annealed at 70 C to ensure proper sealing as described in our previous study168. 
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Figure 2. 2: (a) A schematic of the microfluidic device having two inlets and one outlet. The blow-out section 

shows the entry Y-channel where mixing process occurs. Polymer solution (PAM) and polystyrene solution (PS) 

were injected with a constant volume flow rate QPAM and QPS. Total width of the channel is w. (b) SEM image of the 

microchannel clearly shows the uniformity of micropillars. (c)  Top-view of the microfluidic device. The diameter 

(d) and out of plane height (h) of the pillars both are 50µm and width (w) of the device is 625µm. The distance 

between the center of the pillars (s) and two rows of the consecutive pillars (s) is 75µm. (d) A schematic of the total 

experimental set up. PAM (green) and PS (pink) solutions were transported through two inlets of the microfluidic 

device with a dual syringe pump which generates a constant volume flow rate QPAM and QPS.  

Microscopy 

The entire microchip was placed on a stage of an inverted optical (Nikon Eclipse Ti) microscope 

and a confocal microscope (Olympus IX83) (Figure 2.2(d)). Fluorescent microscopy directly 

probe imaging and videography by using either a GFP Long-pass Green filter cube or Texas Red 

filter cube (Nikon & Olympus). Equivalent diameter calculations were performed using the 

image-processing module in the Nikon NIS-Element AR software interface. Scanning electron 

microscopy (SEM) images were taken using a Field Emission-Scanning 

Electron Microscope (Zeiss, Oberkochen, Germany). Each sample was air-dried and gold 

sputtered (Denton Vacuum, Desk II, Moorestown, New Jersey) before SEM imaging. Images 

were taken at 20kV with In-lense secondary electron detector. 

Rheological measurements 

A standard cone and plate rheometer (C-VOR 150 Peltier Bohlin Rheometer, Malvern 

instruments, USA) was used to investigate the rheological properties of the polymer solution. 

The distance between the plate and the cone, at the center, was 150µm. The diameter of the 
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stationary plate at the bottom was 60 mm, and the rotating upper cone had a diameter of 40mm 

with a 4 angle. All experiments were performed at 20C. 

Zeta potential measurements 

Zeta potential measurement for 50 mL 0.1% PS dispersions were obtained with a Zetasizer Nano 

ZS (Malvern, USA) to assess the surface charge as a function of solution pH. PS bead solution 

pH was adjusted between 3-10 by addition of HCl or NaOH solution and the solution pH was 

measured using pH test strips. Experiments were performed at 20C and were repeated three 

times. 

Molecular weight measurement 

The molar mass of the PAM solution was measured by using an Assymetric Flow Field Flow 

Fractionation (AF4) system (AF2000 MF Separation System-Aqueous Solvents, Postnova 

Analytics, USA). A solution of 0.2% PAM was prepared in 0.5% NaCl brine water. The same 

brine solution was used to calibrate the AF4 system as described elsewhere169. Experiments were 

performed at 20C and were repeated three times. 

2.3 Results 

Our microfluidic device had two inlets. PAM solution was injected from the first port at a 

(volumetric) flow rate of  𝑄𝑃𝐴𝑀  and a concentration of 𝐶𝑃𝐴𝑀. Amine coated PS bead suspension 

in deionized (DI) water at neutral pH was pumped from the second port at a flow rate of 𝑄𝑃𝑆 and 

a concentration of 𝐶𝑃𝑆 (Figure 2.2). The two streams merged at a Y-shaped intersection before 

entering the central section of the microfluidic channel (Figure 2.2(a)). The central section of the 

device consisted of an array of PDMS micropillars in a staggered grid pattern. The micropillars 
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had a diameter (d) of 50 microns and were spaced 75 microns apart (s) (Figure 2.2(b),(c)). The 

average velocity scale (�̅�) in the device is defined by the relationship �̅� =

 (𝑄𝑃𝐴𝑀 + 𝑄𝑃𝑆) (𝑤 × ℎ)⁄  , and the flow rates 𝑄𝑃𝐴𝑀  and 𝑄𝑃𝑆 used in this study ensured that the 

resultant flow in the device was in the creeping flow regime (Re<<1). The PAM solution is 

strongly viscoelastic with a relaxation time scale, 𝜆, of approximately 13 s (Figure 2.3).  

 

Figure 2. 3: Complex moduli for PAM (0.2%) as a function of angular frequency at low shear. Relaxation time (λ) 

for PAM (0.2%) solution is ~13s.  

Initially, the concentrations of PAM and PS beads, i.e. 𝐶𝑃𝐴𝑀 and 𝐶𝑃𝑆, were both kept constant at 

0.2 % w/w and 0.1% w/w respectively. At this fixed concentration, when PAM and PS beads 

solutions were flown through the microfluidic device at flow rates of 10µL/h and 40µL/h 

respectively, we observed that there was an immediate localization of PS beads near micro-pillar 

walls in the form of string-like filamentous structures (Figure 2.4(a)). The structures are tethered 

to the micropillar walls, while the rest of the structure extends with the background flow. We 

named these structures “streamers” motivated by morphologically similar structures seen in 
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bacterial aggregations subjected to continuous hydrodynamic flow132, 166, 168, 170–173. Streamer 

formation represents an irreversible aggregation; when the flow is stopped the structure remains 

undisrupted and shows no appreciable diffusive disintegration in the time scale of experiments.  

  

 

Figure 2. 4: Streamer formation imaged using the Texas Red filter cube. ((a)-(e)) Time-lapse imaging of the 

streamer formation and maturation at for flow rate QPAM=10µL/h and QPS=40µL/h. (f) SEM imaging of streamer 

remnant in the microfluidic device.  

For the streamers shown in Figure 2.4, the particular dilutions for PAM and PS were carefully 

chosen through a series of optimization experiments (discussed later) that resulted in stable and 

observable streamer formation. These experiments also revealed that streamers were not 

observed below a certain cutoff PS concentration. However, when they successful form, these 

structures tend to be pervasive throughout the microfluidic device i.e. they occurred between a 

majority of the first 10 rows of micropillars. Two distinct time-scales were observed for the 

abiotic streamer under present experimental conditions (i) Streamer formation time-scale 
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(𝜏𝑓𝑜𝑟𝑚), which was of the order of the a few seconds i.e. 𝜏𝑓𝑜𝑟𝑚~𝑂(100𝑠). At these short time-

scales the streamers achieve and maintain a high aspect ratio (length/radius ~ O(10)). (Figure 

2.4(a)-(c)) and, (ii) Clogging time-scales (𝜏𝑐𝑙𝑜𝑔), which was of the order of several minutes i.e. 

𝜏𝑐𝑙𝑜𝑔~𝑂(103𝑠) (Figure 2.4(d),(e)). As the initial structures mature by mass accretion, they 

become increasingly thicker and after approximately 60 minutes streamers engulf the entire pore-

space of the device and the length to radius ratio approaches unity. In order to gain more insight 

into the morphology of a streamer, their imaging at an even higher resolution was attempted 

using SEM. However, observing these inherently soft, in-situ and fragile systems under SEM 

presents a tremendous challenge. In spite of these difficulties, a few streamers could be salvaged 

from the device and successfully imaged using SEM to reveal their microstructure in greater 

detail. Figure 2.4(f) shows an SEM image of an intact streamer after the microfluidic device was 

disassembled and allowed to dry. The image sheds light on the structure of the streamer at this 

resolution for the first time to the best of the author knowledge. It reveals the intimate role of 

PAM material in holding the structure together through a network of mechanical bonds 

connecting the PS beads.  
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Figure 2. 5: (a) Two-color confocal imaging of a streamer after 1 hour of experimentation. White-dashed line 

indicates the y-location at which the corresponding z-x plane is depicted.  Image of the same location using (b) FITC 

Green filter cube and (c) Texas Red filter cube.  

Figure 2.5(a) shows a two-color superimposed confocal image of the streamer after 

approximately 60 mins of experimentation. The fluorescein mixed PAM appears green, while the 

PS beads appear red. It can be seen that the PAM solution is well mixed everywhere, but PS 

beads localize around the pillars (Figure 2.5(b),(c)). These experiments were complemented by 

two control experiments. In the first case only PAM solution was flown through the device and 

in the second only PS solution was flown through the device. In neither case streamer formation 

was observed, thus confirming that the combined flow of both PAM and PS was required for 

streamer formation (Figure 2.6). 



 

47 

 

 

Figure 2. 6: Control experiments for the investigation of streamer formation confirms that streamer forms for the 

combined flow of PAM (0.2% w/w) and PS (0.8%w/w) solution only.  

Streamer formation can be expected to dependent on the mass fluxes of both PS and PAM 

solution. In order to probe this dependence, we carried out extensive experiments by varying the 

mass fluxes of both PS and PAM to draw a streamer formation state diagram, first at pH neutral 

conditions Figure 2.7(a). The experiments were evaluated in a binary fashion, where outcomes 

were divided into two bins – one where streamers formed and another where they did not form. 

In the state diagram Figure 2.7(a), red triangle and blue circle are used as binary markers for 

streamer formation and its lack of respectively. We find that streamer formation event occurs 

only when the mass flux of PS is approximately equal to or greater than mass flux of PAM. 

Stating this more quantitatively, streamer formation occurs when 𝐶𝑃𝑆𝑄𝑃𝑆 ≥ 0.6𝐶𝑃𝐴𝑀𝑄𝑃𝐴𝑀.  
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Figure 2. 7: (a) Formation state diagram of streamer formation over different flow rates QPAM, QPS and concentration 

CPAM, CPS. Red triangle represents true streamer formation and blue circle indicates no streamer formation. The side-

bars depict the optical microscope observations at the three located delineated in the formation plot: (i) Streamer 

formation after one hour for CPAM×QPAM=2µL/h, CPS×QPS=3µL/h; (ii) Streamer formation at phase boundary for 

CPAM×QPAM=3µL/h, CPS×QPS=2µL/h; (iii) No streamer formation after one hour for CPAM×QPAM=3µL/h, 

CPS×QPS=1.5µL/h. (b) State diagram of streamer formation at various pH values and ratios of 

(𝑪𝑷𝑺𝑸𝑷𝑺) (𝑪𝑷𝑨𝑴𝑸𝑷𝑨𝑴⁄ ).  

These streamers are remarkably stable and eventually form mature streamers. On the contrary, 

the system is marked by absence of streamers for 𝐶𝑃𝑆𝑄𝑃𝑆 < 0.6𝐶𝑃𝐴𝑀𝑄𝑃𝐴𝑀 , even after a 

maximum observation time-scale of 60 minutes. The condition 𝐶𝑃𝑆𝑄𝑃𝑆 ≈ 0.6𝐶𝑃𝐴𝑀𝑄𝑃𝐴𝑀  

represents the state boundary. Thus sufficient amount of PS bead supply must be maintained for 

stable streamers. Up until now, our experiments were in pH neutral solutions. We expanded our 

investigation to create another streamer formation state diagram where the ratio of mass flow rate 

of PS beads and PAM solution with pH maps the streamer formation. For this formation state 

plot (Figure 2.7(b); Figure 2.8), we find that acidic and neutral pH of PS bead solution (PAM 

solution pH not altered), streamer formation always occurs for (𝐶𝑃𝑆𝑄𝑃𝑆)/(𝐶𝑃𝐴𝑀𝑄𝑃𝐴𝑀) ≥ 0.6. 

However, for basic pH solution, streamer formation only occurs for (𝐶𝑃𝑆𝑄𝑃𝑆)/(𝐶𝑃𝐴𝑀𝑄𝑃𝐴𝑀) ≥ 3. 
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Thus, it appears that for basic PS bead solutions a higher concentration of PS beads is required 

for a successful streamer formation. 

 

Figure 2. 8: Repeat experiments for the phase diagram of streamer formation by varying flow rates when the 

concentration is fixed for QPAM and QPS. Red triangle represents true streamer formation and blue circle indicates no 

streamer formation. Each number represents repeatability. (a) Streamer formation after 1h for QPAM=10µL/h, 

QPS=30µL/h. (b) Transition phase for QPAM=QPS=30µL/h. (c) No streamer formation after 1h for QPAM=30µL/h, 

QPS=25µL/h. (d) Streamer formation (different morphology) after 1h for QPAM=5µL/h, QPS=20µL/h. (e) Transition 

phase for QPAM=QPS=15µL/h. (f) No streamer formation after 1h for QPAM=30µL/h, QPS=5µL/h. 

2.4 Discussion  

The experiments conducted in this study reveal distinct slender structure formation in colloidal 

flows through microfluidic channels. This process critically depends on three intersecting 

physical phenomena – the viscoelasticity of the fluid, bead induced aggregation and finally the 

flow itself. We have found that the absence any of these for this system prevents streamer 
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formation. There exists an interesting parallel of this phenomenon: in bacterial suspensions 

subject to hydrodynamic flow, slender filamentous aggregates primarily comprising of bacterial 

cells encased in matrix of self-secreted extra-cellular polymeric substances (EPS) have been 

observed166. Experiments from our own research group have shown that EPS viscoelasticity is 

critical for bacterial streamer formation as it allows the bacterial cells to aggregate130, 166, 168.  

 

Figure 2. 9: Time lapse imaging of a bacterial floc attaching to a pillar wall and undergoing a large elastic 

deformation by fluidic loading to form a bacterial streamer. Figure is adapted from Hassanpourfard et al.72.  

In order to pin down the mechanism of abiotic streamer formation, we take cues from imaging 

reports as well as our previous experiments on biological analog. In these biological 

experiments, flocculation has been shown to be one route to rapid bacterial streamer 

formation130. In those experiments, we observed that the flocs which are soft aggregates of EPS 

covered bacteria adhere quickly to the micro pillars once flown inside the device and thereafter 

undergo severe shearing by the background flow (Figure 2.9). Thus the EPS served the dual role 

of aiding the formation of a soft composite structure made up of EPS covered bacteria as well as 

providing the compliance necessary for shearing action. In our current experiments, an SEM 

image of the streamer clearly shows evidence of viscoelastic filaments connecting PS beads 

acting as compliant mechanical bonds, Figure 2.4(f). Since original PS beads were only in water 
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where no flocculation was observed, we hypothesize that an intermediate floc like state exists 

before the combined flow enters pillar array consisting of PAM covered beads. Then the 

viscoelastic PAM serves the dual purpose of floc formation and compliance. This assertion is 

supported by Otsubo and Watanabe174 who reported bridging and subsequent flocculation by 

PAM in silica suspensions and found that the resulting flocs had a pseudo-plastic rheology. 

Bridging flocculation occurs when the polymer chain in long enough to be adsorbed to multiple 

beads175.  

 

Figure 2. 10: (a) SEM image of a floc formed under quiescent conditions. The SEM imaging was done for a volume 

ratio (PAM:PS) of 1:4 at pH 5. (b) Normalized frequency histogram of the equivalent diameter (de) of flocs. For a 

volume ratio (PAM: PS) of 1:4 the mean is approximately 16 µm (of 61 data points) and for a volume ratio of 1:1, 

the mean is approximately 7 µm (of 47 data points). The inset shows the optical microscope image of flocs. (c) The 

average equivalent diameter of flocs (<de>) as a function of pH for two different mixing ratios of PAM and PS 

solutions. (d) Zeta potential as a function of pH for PS bead solutions (0.2% w/w). 
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In order to assess our hypothesis, we investigated PS bead flocculation under quiescent 

conditions. We found that indeed PS beads flocculated and Figure 2.10(a) shows an SEM image 

of such a floc. In the blown out section, we can observe that PS beads, which are otherwise 

smooth and spherical, appear to be laced with PAM (roughened surfaces). These flocs were also 

observed through optical microscopy and using image analysis an equivalent diameter of these 

flocs (𝑑𝑒) was determined. The distributions of floc size are presented in Figure 2.10(b) with 

accompanying optical image of flocs. These experiments were repeated for two different volume 

ratios of PAM and PS beads (neutral pH) – PAM:PS=1:4,1:1. These experiments showed that 

higher relative concentration of PS beads favor larger flocs. The equivalent mean diameters of 

flocs de, for these concentrations were approximately 16 µm and 6.65 µm respectively. 

Furthering this line of enquiry, we calculated the floc size distribution for different pH values of 

PS bead solution and the mean values of the equivalent floc diameter <de> is presented as a bar 

plot in Figure 2.10(c). We see that for pH< 7, the floc size distribution remains fairly similar to 

the floc size distribution at pH=7. However, for basic PS solutions the floc size decreases 

significantly for both lower and higher concentration of PS beads. This severe contrast may have 

electrostatic origins. To probe deeper, we carry out zeta potential measurements of the PS beads 

as a function of the pH of suspending media, Figure 2.10(d). This figure shows that the 

isoelectric point of the PS bead solution is approximately at pH 7.5 and around the isoelectric 

point the zeta potential abruptly changes sign, although the magnitude remains more or less 

constant for acidic and basic solutions. Thus the change in polarity of the electrical double layer 

(EDL) seems to reduce the attractive forces contributing to the flocculation phenomena.  

Aggregation in ex situ (flocculation in quiescent conditions) and in situ (microfluidic study) 

experiments can be expected to be different (Figure 2.10). However, we see that there exists a 
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strong correlation between the floc size in quiescent conditions and the predicted outcomes of a 

floc-mediated model for the current experiments. For instance, Figure 2.10(b) suggests that PS 

bead concentration is a significant factor on flocculation characteristics so that higher 

concentration favors larger flocs. Hence, a floc-mediated mechanism would imply the necessity 

of relatively higher mass flow rate of PS beads with respect to PAM solution for successful 

formation of streamers. This is confirmed by our streamer-formation state plot, Figure 2.7(a), 

where successful streamer formation events are mapped for PAM and PS mass flow rates at 

neutral pH conditions. More interestingly, our flocculation characterizations (Figure 2.10(c)) also 

indicate that in basic solutions, the floc sizes are much smaller than for their acidic counterparts. 

Hence, a floc-mediated mechanism would predict that the successful formation of streamers in 

the basic regime would require a higher flow rate of PS beads. It would also imply that the 

threshold for streamer formation would show a strong saturating characteristic with pH reflecting 

the underlying flocculation trends. These predictions are borne out in our second state-plot 

(Figure 2.7b). We clearly see that a transition to basic pH certainly increases the necessary mass 

flow rate of PS beads but it does not continue to increase with an increase in pH, saturating 

immediately as predicted in our floc-mediated hypothesis. It is also worth pointing out that the 

Weissenberg numbers (Wi) at which successful streamer formation was observed are typically 

greater than unity. This shows that flows in our device are strongly extensional in nature176. 

2.5 Conclusions 

In this chapter, we have carried out experiments on flow-induced aggregation of PS beads in a 

microfluidic device. We observed flow-induced localization of PS beads in the form of string-

like slender structures called streamers. For neutral pH conditions, we found that streamers 
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formed when the mass flow rate of the PS solution was equal to or greater than 0.6 times that of 

the PAM solution. The detailed flow regimes under which streamer formation is observed were 

quantified through state diagrams. We proposed a floc-mediated streamer formation mechanism 

inspired topically by similar structures in bacteria laden flow in microporous media. Our premise 

is well supported by inferences from our experiments. Although the exact mechanism for floc 

formation itself has not been revealed by the study, our zeta potential measurements strongly 

underline the significance of electrostatic effects in governing this phenomenon. Further 

quantification is challenging due to a number of intricate and often interacting transport 

phenomena characteristic of particle-laden complex colloidal flows177. Although beyond the 

scope of the current chapter, this would be a natural step towards further investigation of this 

system. 
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Chapter 3 

 

Investigating fouling at the 

pore-scale using a microfluidic 

membrane mimic (MMM) 

filtration system § 

 

 

 

§ The materials of this chapter has been published in “N. Debnath, A. Kumar, T. Thundat and M. 

Sadrzadeh, “Investigating fouling at the pore-scale using a microfluidic membrane mimic 

filtration system”, Scientific reports, Vol. 9, I. 1, p. 10587, 2019.” 
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3.1 Introduction 

Membrane filtration processes, such as microfiltration (MF) and ultrafiltration (UF), have been 

widely used across a broad range of industries including wastewater treatment178, effluent 

treatment179, removal of pharmaceuticals180, food processing181, and production of reusable and 

potable water182,183,184. Fouling of membranes represents a singular issue and limiting condition 

in the deployment of membrane-based filtration systems135. Fouling generally occurs by the 

attachment of the water constituents on the surface or within the pores of the membrane, 

resulting in dramatic reduction in flux over time9. The fouling propensity depends on the 

hydrodynamics (flux, pressure and flow velocity), feed solution properties (foulant types, 

concentration, pH, and ionic strength), surface interactions (surface charge and polarity) and 

membrane morphology (pore size and shape)108, 185.  

Membrane fouling has been intensely studied9, 186, 187 and various mechanisms of membrane 

fouling have been identified. Amongst the various mechanisms, cake layer/gel formation136, 137, 

188 and pore blocking139, 189 are usually regarded as the major fouling mechanisms; cake-layer 

formation occurs at the upstream end of the membrane, while pore blocking occurs at the pore-

scale of the membrane140, 190, 191. A common method to investigate the fouling mechanism is to 

evaluate the flux decline over filtration time. The various mechanisms of membrane fouling 

exhibit a signature decline of flux with time22,193. Ex-situ fouling tests provide valuable insight 

into the effect of different parameters on fouling; however, the evolution of fouling on the 

surface and within the pores cannot be studied.  

Recently, a large number of studies has been devoted to elucidating the transport of particle-

laden flow in a porous media89, 119, 185, 186, 194. In this regard, microfluidic mimics of membranes 

have become an important experimental platform for investigating fouling at the pore-
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scale185,119,89. Specifically, photolithography can be easily adapted to designing microfluidic 

membrane mimic (MMM) systems with a pore length-scale comparable to the pore size of MF 

membranes26, 185, 195. MMM systems have a significant advantage in that they allow for an easy 

integration with various sensing platforms, such as optical microscopy. This allows for an in-situ 

and real-time visualization of various fouling processes operative at the pore-scale. This 

alleviates the challenge faced with a large-scale membrane filtration system, where typically 

only end-point visualization is possible. Thus, MMM system enables investigating the effect of 

hydrodynamic conditions (initial flux and pressure) on fouling and analyzing the physiochemical 

interactions responsible for fouling phenomena at pore scale90,111. Debnath and Sadrzadeh185 

reviewed the use of MMM devices in the context of membrane fouling. The use of MMM 

devices has shed light on downstream fouling, which refers to the fouling when foulants can pass 

through the skin layer of denser structure and accumulate at the downstream stagnation corners 

of the skin layer pores185. Sendekie et al. observed accumulation of the polystyrene particles 

(0.5µm) at the downstream corners of the micro-pillars110. Bacchin et al. interpreted this 

downstream deposition with cluster growth kinetics, where the constructive and destructive 

cluster-cluster interactions play an important role on the aggregation process in a microchannel 

91. Despite these advantages, the use of MMM devices to understand fouling at the pore-scale has 

been limited and specifically the issue of downstream fouling needs to be investigated in greater 

detail. 

In this work, a systematic fouling study was conducted using three types of foulants colloidal 

particles, polymer and a mixture of these two to investigate combined fouling in an MMM 

system. Our MMM device consists of a staggered arrangement of micro-pillars mimicking an 

MF membrane pore size. The pore length-scale employed was 2 m, which is one of the smallest 
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gaps that can be reliably fabricated using the photolithography process. We examine the 

interplay between hydrodynamics and physiochemical interactions with a direct visualization of 

the MF process using optical microscopy. Constant-pressure experiments are performed in the 

dead-end mode using a Microfluidic Flow Control System (MFCS).  

3.2 Materials & Methods 

Experimental 

The schematic of the experimental setup is shown in Figure 1(a). For the microfluidic dead-end 

filtration, a pressure-driven flow was created in the microchannel by using microfluidic flow 

control system (MFCS) (Fluigent, MA, USA). The feed was connected to the inlet via a flow 

unit (Fluigent, MA, USA) and permeate was collected from the outlet of the MMM system 

(Figure 3.1 (a)). The MMM filtration experiments were performed at a constant-pressure 

difference (ΔP), maintained by the microfluidic pressure controller (MFCS-EZ) (Fluigent, MA, 

USA). The corresponding volumetric flow rate (Q) was measured directly from the flow-rate-

control-module software (Fluigent, MA, USA). All experiments were conducted at creeping flow 

condition (Re<1) with maximum fluid velocity vmax~6.8410-4 m/s, considering the channel 

hydraulic diameter dh~2.86m. Three different foulants (polymer, particles and a mixture of 

polymer and particles) were tested at neutral pH condition. All experiments were performed at 

room temperature and repeated thrice. The MFCS (Flow unit) was never let to dry & cleaned 

thrice with ethanol solution before changing any feed sample. 
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Figure 3. 1: (a) A schematic of the experimental setup. A pressure controller and flow-board unit controls the 

pressure and the flow rate of the membrane mimic microfluidic device, respectively. The pressure difference causes 

the feed to enter one inlet of the device via the flow unit and the waste is collected from the outlet/permeates side. 

(b) SEM image of the microfluidic membrane mimic device with dimensions (membrane thickness, t =102µm and 

membrane width w = 504µm). The blown-out sections show a gap, p =2µm, between any two pillars with diameter d 

=50µm (top view mode) and a height of h =5µm (side view mode). (c) Control experiments with ultrapure water 

shows almost constant flux at various pressures for the microfluidic membrane mimic device.  

Microfabrication 

The microfluidic device was fabricated by conventional photolithography technique using 

polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, NY, USA) with the membrane mimic 

design. The required membrane design was replicated from a 4ʺ silicon master mold. The 
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microfluidic design consists of a straight channel with a set of staggered array of pillars near the 

mid-section (Figure 3.1(b)), which acts as a MF membrane mimic. The staggered arrangement of 

pillars has a height h = 5µm and diameter d = 50µm, and the gap between pillars p = 2µm 

(Figure 3.1(b)). Hence, the device provides a pore size which is comparable to an MF membrane 

pore (0.1-10m). The thickness, t, of the membrane is 102 µm and the width, w, of the 

microchannel is 504µm, as shown in Figure 3.1(b). The inlet and outlet pores were drilled 

carefully and the PDMS stamps and coverslip were bonded together by using oxygen plasma-

activated bonding at 500mTor pressure for 30 seconds. Next, they were annealed at 80ºC for 1 

hour to ensure proper bonding. Additional details about the fabrication process is provided 

elsewhere196. The zeta potential of the PDMS surface (PDMS) was measured to be -45 mV at pH 

7 after plasma treatment (SurPASSTM 3, Anton Paar, Graz, Austria). 

Microscopy 

The membrane mimic microfluidic device was placed on a stage of an inverted optical (Nikon 

Eclipse Ti) microscope and fluorescent imaging was performed by using a Texas Red filter cube 

(Nikon) (Figure 3.1(a)). Fluorescence microscopy technique enabled processing the real-time 

imaging and videography by using the image-processing module in the Nikon NIS-Element AR 

software interface. Scanning electron microscopy (SEM) images were taken using a field 

emission scanning electron microscope (Zeiss, Oberkochen, Germany). Each sample was carbon 

coated (Denton Vacuum, Desk II, Moorestown, New Jersey) before SEM imaging. Images were 

taken at 20 kV with an in-lens secondary electron detector (Figure 3.1(b)). 



 

61 

 

Foulant materials 

Three types of synthetic wastewater solutions were prepared. (1) Polymer solution (PAM 0.2% 

w/w): polymer solution was prepared by dissolving 1g of anionic polyacrylamide (PAM: A-

8354, 22 MDa, Kemira, AB, Canada) into 500mL of DI water. Then the solution was stirred at 

600rpm for more than 3hr using a magnet stirrer (Caframo, ON, Canada) to ensure homogeneous 

mixing. The zeta potential of PAM solution (PAM) was measured to be -30mV at pH 7 

(Malvern Zetasizer). (2) Particle solution (PS 0.2% w/w) was prepared by dissolving 200 nm 

amine-modified polystyrene beads (excitation at 580 nm, emission at 605nm, Life Technologies, 

ON, Canada) into Millipore water. Zeta potential measurement showed that PS solution (PS) 

was +30mV at pH 7 (Malvern Zetasizer). Red fluorescent PS particles appeared red under 

fluorescence microscopy. (3) A mixture of polymer and particle solution (PAM+PS (0.2%)=1:4 

v/v). Based on our previous study197, the optimum ratio of PAM (0.2% w/w) and PS (0.2% w/w) 

solutions to observe colloidal streamer formation was found to be 1:4 (v/v). This ratio was 

selected in the present work to investigate the combined colloidal and organic fouling on fouling 

propensity in the MMM device.  

3.2 Results & Discussion 

3.2.1 Microscopic membrane fouling 

Constant-pressure and constant-flow rate filtration experiments were conducted using the MMM 

device shown in Figure 3.1(a). All experiments were performed at room temperature and neutral 

pH. As discussed earlier, our MMM device consists of an array of pillars with height, h=5µm 

and pillar gap, p=2µm, which provides hydraulic diameter of 2.8µm and provides a pore 
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diameter comparable with the pore size of typical MF membranes (0.1-10µm) (Figure 1(b)). 

Before using the microchips as an MF membrane mimic, control experiments were performed at 

constant pressure using Millipore water to ensure the integrity of the microfluidic device. Figure 

3.1(c) shows that, in the absence of fouling, the water flux was almost constant at different 

pressures over time. In an MF process, pure water flux varies linearly with pressure. However, 

from our experimental data, water flux increased non-linearly with increasing pressure (Figure 

3.2).  

 

Figure 3. 2: Pure water flux as a function of pressure. 

Given the pore size of our MMM device (2 µm), we might have exceeded the pressure 

threshold for filtration. As can be observed in Figure 3.2, our MMM device showed more non-

linear behavior at pressures greater than 689 mbar (10 psi). In addition, our MMM device may 
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not be perfectly sealed at higher pressures. Hence, a constant pure water flux test is performed 

before starting any experiment. Constant pressure water flux results were repeated and the plot is 

shown in Figure 3.3.  

 

Figure 3. 3: Constant pressure repeatability experiments for water at different pressure. 

It must be noted that control experiments were conducted before all filtration experiments and 

constant water flux was achieved each time prior to running the device with water containing 

foulant materials. Three types of synthetic wastewater solutions were prepared: polymer solution 

(PAM 0.2% w/w), particle solution (PS 0.2% w/w) and a combined solution (PAM+PS 

(0.2%)=1:4 v/v). Polymer solution (PAM 0.2% w/w) was prepared by dissolving 1g of anionic 

polyacrylamide (PAM: A-8354, 22 MDa, Kemira, AB, Canada) into 500mL of DI water. Details 

about the foulants material preparation are provided in the materials and methods section. In 

constant-pressure experiments the feed solution is forced through the pillar-array and the foulant 
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accumulates around the pillars over time. A total of 120 mins of filtration time was considered, 

unless otherwise stated. This fouling phenomenon caused a decrease in permeate flux for 

constant-pressure experiments with the three foulants. 

Figure 3.4 summarizes the observed fouling under different constant-pressure experiments. At 

low flow rates or pressures (Figure 3.4(a) & (b)), the foulants started depositing on the surface or 

within the pores of the pillars. Cake filtration was generally observed for colloidal suspension 

(PS 0.2% w/w, amine-coated PS bead with 0.2 µm diameter) and pore blocking was observed for 

the polymer solutions (PAM 0.2% w/w). However, in the case of higher flow rates or pressures 

(Figure 3.4(c) & (d)), downstream fouling was observed alongside fouling around the pores. The 

various microscopic observations are useful in elucidating four categories of membrane fouling 

(a) cake filtration (upstream), (b) pore blocking (inside the pores), (c) colloidal aggregation 

(downstream) and (d) colloidal streamer (downstream).  

 

Figure 3. 4: Microscopic colloidal fouling phenomena at different locations with their corresponding schematics. (a) 

cake filtration for PS 0.2% at 345mbar at upstream, (b) pore blocking for PAM 0.2% at 345 mbar at the pillar pores, 

(c) colloidal aggregation for PS 0.2% at 689mbar and (d) colloidal streamer formation for the combined fouling 
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(PAM (0.2%):PS(0.2%)=1:4) at 689mbar at downstream. All images are taken at 120 min of filtration and the scale 

bars are 50µm. Schematics are not to scale. 

Figure 3.4(a) depicts the typical low pressure cake filtration (upstream) scenario at 120 min of 

filtration, wherein the foulant materials accumulate on the upstream end of the 

membrane137,136,90,198. Although, cake filtration usually occurs due to the deposition of particles 

larger than the pore-scale, Figure 3.4(a) schematic shows that if the foulants are smaller than the 

pore-scale, then they can aggregate and be packed to form a barrier at the upstream end of the 

membrane. 

Pore blocking is typically more significant under moderate pressures189,139,109; when the solutes 

are forced through the membranes and adsorb onto the membrane pore walls. Pore-blockage 

(inside the pores) is seen when PAM only solution is flown through the MMM device. The PAM 

molecules have a radius of gyration, Rg=191.9 nm197, and their entanglement can completely 

block the pores during the course of filtration (Figure 3.4(b)). Fouling due to PAM was imaged 

under the same conditions, and although the PAM molecule is not red fluorescent, bright and 

dark areas can be seen under optical microscopy (Figure 3.4(b)). This might be due to higher 

light scattering from areas which have higher PAM aggregation. Figure 3.4(b) shows that PAM 

polymer plugged the pores after 120 mins of operation at 345 mbar.  

Higher pressure can further force the foulant materials to flow through the membrane pores and 

reach at the downstream side of the pores. When PS  particles reach at the downstream zone of 

the pillars, they start aggregating along the flow direction as shown in Figure 3.4(c). The 

colloidal aggregation phenomenon at downstream location89,110 is observed to occur concurrently 

with cake filtration and pore blocking (Figure 3.4(c)). Figure 3.4(c) shows such a fouling process 
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which is accompanied by aggregation of colloidal particles just downstream of the pores which is 

discussed later. 

The colloidal streamer mode of fouling is relatively newly discovered mode of membrane 

fouling. It was demonstrated recently that in the context of low Reynolds number flows, organic 

materials such as bacteria can lead to the formation of filamentous structures called 

‘streamers’199. These filamentous structures can proliferate rapidly in microfluidic devices 

leading to pervasive colonization and clogging106, 196 leading up to a catastrophic failure of the 

device172, 196. Due to its very nature these streamers can thrive into various sections of a 

microfluidic device including the downstream sections of filtration systems106, 127, 199. Debnath et 

al.197 recently demonstrated that particle laden polymeric flows can also lead to morphologically 

similar structures as bacterial streamers leading to the generalization of the phenomenon to other 

colloidal systems. When a mixture like particle laden polymer (PAM(0.2%):PS(0.2%)=1:4) is 

filtered through our MMM system, a filamentous compliant structure was formed at downstream 

of the pillars. This structure is called the ‘colloidal streamer’200. Figure 3.4 (d) shows colloidal 

streamer fouling, which is the second kind of downstream fouling captured at 120 min of 

filtration at 689 mbar pressure. The formation of the colloidal streamer at downstream location is 

discussed in details later.  

3.2.2 Constant-pressure filtration 

The effect of constant applied pressure difference on water flux through MMM was studied. The 

pressure difference across the microfluidic channel was varied from 138 to 1378 mbar. To 

investigate the effect of colloidal fouling, first only PS 0.2% bead solution was used as feed, and 

the results are shown in Figure 3.5(a). The flux, J, is calculated from the direct measurement of 
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the flow rate obtained by MFCS system using the relationship J = Q /(w h), where Q is the flow 

rate (m3/s), w is the width of the channel (504µm), and h is the height of the pillars (5 µm).  

 

Figure 3. 5: (a) Filtration experiments at constant pressure shows decreasing flux for PS 0.2% as fouling progresses 

with filtration time. (b) Corresponding microfluidic images show end-result of fouling (120 min). At low pressures, 

fouling is more like cake filtration at upstream (i)-(ii). At higher pressures more colloidal aggregation are observed 

at downstream with simultaneous pore blocking and cake filtration (iii)-(iv). (c) Schematic of fouling at low pressure 

(<345mbar) and high pressure (>345mbar) showing the fouling evolution in 60 min.  

Figure 3.5(a) shows that at 138 mbar the flux is almost constant. Hence, 138 mbar can be 

considered as a limiting pressure/critical pressure below which fouling does not occur for PS  

0.2% solution. In membrane filtration, the critical flux is defined as the permeate flux above 
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which the irreversible membrane fouling occurs145, 201. The approximate critical flux for our 

MMM system is, Jcr  24.62 LMH, calculated as, Jcr = Qcr /(w h), where Qcr=1.7210-14 m3/s.  

In general, larger particles than the pore size of membrane are blocked on the membrane surface 

during filtration and form a cake layer202. However, smaller particles than membrane pore size 

can also form a cake layer, when inception of fouling occurs inside the pores and grows to the 

filter cake on the membrane surface as the membrane pores become narrower over time202. From 

our direct microfluidic observations, low pressures (≤345mbar) caused pore blocking at the 

surface of the pores first and developed to a filter cake (Figure 3.5(b) (i) & (ii)) with time. Figure 

3.5 (b) captures filtration fouling with PS 0.2% for filtering over 120 min. This kind of fouling is 

also in good agreement with ex-situ MF/UF filtration results in the literature139, 188. In contrast, 

higher pressures (≥689mbar) led to higher initial flux (160 LMH at 689 mbar), but a sharp 

decline in flux over time, as shown in Figure 3.5(a).  
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Figure 3. 6: Constant pressure experiments at 1378 mbar pressure for the PS 0.2% solution show sharp decline in 

flux compared to lower pressure. (i) Microfluidic fouling started with colloidal aggregation at downstream. (ii)-(iii) 

Downstream colloidal aggregation fouling continued with partial pore fouling and filter cake till 40 min of filtration. 

(iv) A significant increase in cake layer thickness is observed till 120min of filtration. 

At higher pressures, the larger hydrodynamic drag force caused the particles to pass through the 

pores of pillars and aggregate at the downstream zone of pillars (Figure 3.5(b) (iii) & (iv)). This 

type of fouling may occur in the finger-like macrovoids of porous membranes, underneath the 

top skin layer, when filtered particles diameter is less than the pores of skin layer. It was 

observed from the online monitoring of the fouling at 1378mbar (Figure 3.6) that the fouling 

started with the colloidal aggregation at downstream zone. It continued for 40 min 

simultaneously with partial pore blocking and cake layer formation (Figure 3.6). After that, 

downstream colloidal aggregation reached a steady state with an increase in the cake layer 

thickness (Figure 3.6) for the rest of the filtration process. Figure 3.5(c) shows the schematic of 

the fouling process at low pressure (<345mbar) and high pressure (>345mbar) with time. It can 

be seen from the schematic that at low pressure pore blocking causes the cake layer formation 

while for higher pressure downstream fouling causes the pore blocking and pore blocking 

leading to cake layer formation eventually. The constant pressure filtration results were repeated 

in triplicate (Figure 3.7).  
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Figure 3. 7: Repeatability experiments at different constant pressure with PS 0.2% solution. The repeatability 

curves are fitted to the same exponential decay equation shown in table 3.1.  

At low pressures, we hypothesise that the particles mostly attach to the upstream surface of the 

pillars as the hydrodynamic drag force could not overcome the attractive surface interaction 

between particle-PDMS wall (Figure 3.5(b) (i) & (ii)). The zeta potential measurement showed a 

strong attractive electrostatic force exits between positively charged PS particles (PS  +30mV 

at pH 7) and negatively charged PDMS surface (PDMS  -45mV at pH 7). As a result, cake 

filtration is generally exhibited at low pressures (≤345mbar). However, at higher pressures 

(≥689mbar), hydrodynamic drag force might overcome the interaction energy between particles 
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and particle-PDMS surface. Higher shear stresses and advection rates lead to particle aggregation 

downstream of the pillars (Figure 3.5(b) (iii)). At 1378mbar pressure, the inception of fouling 

occurred at downstream location (Figure 3.6). The downstream colloidal aggregation continued 

with partial filling of the pore space. When the particles started filling the pores, flow 

distribution was no longer uniform across the membrane width due to the constricted pore space. 

Hence, the local velocity of water increased for partially open pores to maintain a constant 

pressure difference. The increase in the local velocity caused primary and secondary water 

channel formation by continuous aggregation/sloughing of particles more towards the flow 

directions203. Hence, as filtration proceeded, the detachment of the particles occurred by 

sloughing and the higher pressure difference eventually resulted in the steady colloidal 

aggregation at downstream with pore blocking and cake layer after 120 min of filtration (Figure 

3.5(b) (iii) & (iv)).  

We have also conducted constant pressure (689 mbar) experiments to examine the effects of 

changing PS concentrations (PS 0.02%, 0.4% and PS 1%) on fouling propensity. As can be 

observed in Figure 3.8, all of these experiments had led to downstream fouling. Our experiments 

indicate that the qualitative nature of fouling does not change due to change in concentrations but 

the same fouling behaviour seems to occur faster at the higher concentrations. 
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Figure 3. 8: Constant pressure fouling scenarios of PS at 689mbar pressure for different concentrations (i) PS 0.02% 

(ii) PS 0.4% and (iii) PS 1% after 60 min of filtration. 

To further investigate the effects of physiochemical interactions on fouling, we have extended 

our experiments to three different types of foulants at the same constant pressure. The constant 

pressure experiments were conducted using particle solution (PS 0.2%), polymer solution (PAM 

0.2%) and a mixture of PAM(0.2%):PS(0.2%)=1:4 (v/v) to investigate colloidal, organic and 

combined fouling, respectively. Microfluidic filtration at low pressures did not show  significant 

difference in permeate flux for all types of fouling, whereas, at a pressure of 689 mbar, the 

decline was found to be more severe for the case of combined fouling than the individual organic 

and colloidal fouling (Figure 3.9(a)). Starting with same initial flux (160 LMH), the 

approximate filtration time for the permeate flux to become steady were 20, 40, and 60 min for 

the combined fouling, organic fouling, and colloidal fouling, respectively (Figure 3.9(a)). Such a 

severe flux decline in the case of combined fouling was also observed in ex-situ membrane 

processes144,204. It was found that PS 0.2% resulted in colloidal aggregation at downstream with 

partial pore blocking and cake filtration (Figure 3.9b (i)) and PAM 0.2% mostly caused pore 
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blocking (Figure 3.9(b) (ii)). When a combination of PAM and PS were injected as feed 

(PAM(0.2%):PS(0.2%)=1:4), slender filamentous structures were formed around the pillars and 

at downstream of the pillars (Figure 3.9(b) (iii)). Debnath et. al185 named this structure as 

‘colloidal streamer’ and this occurs due to synergistic effect resulting from a bridging of PS 

beads by the polymeric molecules and subsequent adhesion and shearing due to hydrodynamic 

forces205. The attraction between positive PS (PS +30mV at pH 7) and negative PAM 

molecules (PAM  -30mV at pH 7), and the negative PDMS surface (PDMS  -45mV at pH 7) 

caused PAM+PS floc formation and attachment to the surface leading to the streamer fouling at 

downstream. The dynamics of colloidal streamers is discussed elsewhere185,203 and here we focus 

only on the fouling characteristics of streamers. At 689mbar pressure, colloidal streamer 

formation was observed instantaneously. With time, the streamer accumulated more mass, 

became thicker and extended up to 500µm from the pillar surface towards the flow direction. 

Interestingly, within 20 min the flux reached the steady state but the streamer fouling continued 

(Figure 3.9(a)). 
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Figure 3. 9: Comparison of the constant-pressure fouling behaviour for three types of foulants at the same pressure 

(689 mbar). (a) Flux vs. time plot showing more severe flux decline for the case of combined fouling (PAM 

(0.2%):PS (0.2%) =1:4) than individual organic and colloidal fouling  (PAM 0.2% & PS 0.2%), (b) corresponding 

microfluidic images at the end of the filtration process showing (i) Colloidal aggregation at downstream with partial 

pore blocking and cake filtration for PS filtration, (ii) pore blocking for PAM filtration, and (iii) streamer formation 

at downstream for the case of combined fouling. 

 

Figure 3. 10: Repeatability experiments at constant pressure (689 mbar) for (a) PAM 0.2% solution and (b) 

downstream colloidal streamer formation with PAM (0.2%):PS (0.2%)=1:4, combined solution filtration. 

It was also observed that the process of downstream streamer formation and subsequent streamer 

breaking were observed continuously during the filtration period106. Here, PAM molecules were 

invisible under red fluorescence microscopy. The constant pressure filtration results were 

repeated in triplicate (Figure 3.7 and 3.10). When the repeatability data were fitted to the 

exponential decay equation (Figures 3.7, 3.10 and Table 3.1), the coefficient of determination 

(R2) values showed better agreement for the case of organic fouling (PAM 0.2%) and combined 

fouling (PAM 0.2% + PS 0.2%=1:4) than the colloidal fouling (PS 0.2%) for the same pressure 

(689 mbar) experiments. The analytical modelling of the downstream and streamer types of 

fouling is the topic of our ongoing research. 
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Table 3. 1: Repeatability data fitted to the exponential decay equation and the corresponding values of the 

parameters at variable constant pressure difference. The table corresponds to fits shown in Figure 3.7 and 3.10. 

𝑱 = 𝑨𝟎 + 𝑨𝒆−(𝒕/) 

ΔP 

(mbar) 
Foulants Legend 𝝉 (min) A A0 

R2 (Goodness 

of fit) 

345 

PS 0.2%  25.63 5.59 × 104 2.34 × 104 0.93 

PS 0.2%  26.69 4.09 × 104 2.70 × 104 0.80 

PS 0.2%  20.39 4.07 × 104 3.14 × 104 0.88 

689 

PS 0.2%  30.44 1.03 × 105 1.07 × 104 0.92 

PS 0.2%  41.81 9.38 × 104 1.45 × 104 0.87 

PS 0.2%  41.87 1.67 × 105 5.15 × 102 0.97 

1378 

PS 0.2%  10.77 2.19 × 105 2.63 × 104 0.89 

PS 0.2%  14.88 3.65 × 105 1.71 × 104 0.98 

PS 0.2%  10.94 2.16× 105 3.27 × 104 0.88 

689  

PAM 0.2%  16.29 1.22× 105 2.60 × 104 0.97 

PAM 0.2%  18.47 1.59 × 105 2.26 × 104 0.98 

PAM 0.2%  16.97 1.04 × 105 3.33 × 104 0.97 

689 

PAM 0.2%+PS 

0.2% 
 9.37 1.20 × 105 3.26 × 104 0.96 

PAM 0.2%+PS 

0.2% 
 7.09 1.18 × 105 

1.85 × 104 0.96 

PAM 0.2%+PS 
0.2% 

 9.34 1.29 × 105 
2.80 × 104 0.92 

 

Besides, the primary and secondary water channel formation was more prominent at the end 

(120min) of filtration (Figure 3.11). An interesting microfluidic phenomenon, water channel 

formation was observed for constant pressure filtration. When particles started accumulating 

inside the inner surface of the pillars, as filtration proceeded, floc propagated from blocking the 

pore space to a filter cake at low constant pressure (≤345mbar). However, at high pressure 

(≥689mbar), the flow distribution was no longer homogeneous due to the partial blocking of 

pores. To maintain the constant volume flow conditions or pressure, there remained some fragile 

flocs or open channels where the local flow velocity was increased. As a result, the increase in 

velocity prevented complete pore blocking and caused water channel formation. Water channel 
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formation was observed for the case of bacterial streamer formation earlier206. Similar behavior 

was observed by Lohaus et al. when they performed the numerical simulation with 5µm PS 

particles in a microchannel207 (Figure 3.11 (a)(i) & (ii)). Interestingly, they found particles 

accumulating on the center-left channel where there was a prominent open channel with no 

fouling at the right channel (Figure 3.11 (a)(i) & (ii))207. However, their observation had no 

experimental evidence. Figure 3.11 (b) and (c) show water channel formation for colloidal 

aggregation and streamer formation, respectively. Based on our microfluidic observations, the 

formation of these water channels were consistent throughout all experiments, especially for the 

case of downstream fouling at high constant pressures (Figures 3.5(b) (iii) & (iv), 3.6, 3.8, 

3.9(b)(i) & (iii)). From Figure 3.11 (b) & (c), primary water channels are in the same direction as 

flow while secondary water channels are generating from primary. Hence, the formation of 

primary and secondary water channels not only indicated the particles settling but also they were 

responsible for the fouling deposition at the downstream side.   

 

Figure 3. 11: (a) Water channel formation observed by Lohaus et al. in numerical simulation for the square 

connected (i) and staggered (ii) arrangement of pillars207. Scale bars are 50µm. (Copyright 2018, reproduced with 

permission from Journal of Membrane Science). Water channel formation for (b) colloidal aggregation (PS 0.2%) at 
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1378mbar pressure and (c) colloidal streamer (PAM (0.2%):PS (0.2%) =1:4) at 689mbar pressure after 180 min of 

filtration. Primary water channels (marked with white dash line) and secondary water channels are shown with 

arrows. Scale bars are 50µm. 

Different membrane fouling mechanisms are discussed in the literature193,192. Ho et al. discussed 

the combined cake filtration and pore blocking model for protein fouling in a MF system147. But 

the cake filtration and pore blocking model cannot explain the flow/detachment behaviour of 

particles during fouling process. These can further be explained by comparing different fouling 

scenarios and examining the fouling percentage which are discussed next.  

In order to reveal more information about the governing fouling mechanisms exhibited by 

different foulants, the experimental constant pressure flux results (689mbar) were fitted to the 

linear equations derived for constant pressure filtration by Hermia model192. Hermia categorised 

four kinds of fouling: cake filtration, standard pore blocking, intermediate pore blocking and 

complete pore blocking with the decline in flux192. Figure 3.12 shows that our results were more 

in agreement with the complete pore blocking (Figure 3.12 (d)) for the filtration results with the 

three foulants at 689 mbar pressure. The microfluidic observations are in consonance with the 

findings. For PS particles partial cake filtration and pore blocking were observed and hence 

Figure 3.12(a)-(c) show a less degree of match as compared to Figure 3.12(d). However, for the 

combined foulant of PAM and PS, we know from our observations that streamer formation 

occurred downstream of the pillar wall. Interestingly, the fouling due to streamers is also 

consistent with the time signature of complete pore blocking. This suggests that streamer 

formation occurs in such a manner that complete pore blocking is achieved simultaneously. 

However, from the pore-scale perspective, streamer led-clogging is a different kind of fouling as 

compared to complete pore blocking. This suggests that this is an entirely different fouling 
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mechanism and needs to be studied in more detail. While, some early work in the area of 

modelling of streamer-clogging has taken place172,171, more extensive modelling work is 

desirable.  

 

Figure 3. 12: Flux vs time plot for the three foulants using Hermia model at constant pressure (689mbar). Curves 

are fitted using regression analysis where R2 value represents regression coefficient. The flux trends are compared to 

Hermia’s model for (a) cake filtration, (b) standard pore blocking, (c) intermediate pore blocking, (d) complete pore 

blocking. From the regression analysis, the maximum value of R2 indicates that the fouling is complete pore 

blocking for the three foulants. 

To analyze the percentage contributions of the colloidal aggregation and colloidal streamer 

fouling, flux recovery tests were performed using PS 0.2% and the combined solution (PAM 

(0.2%) :PS (0.2%) =1:4) (Figure 3.13 (a) & (b)). First, pure water flux was (Jw1) obtained at 
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689mbar pressure for 30 min. Next, fouling experiments were conducted at the same pressure for 

another 30min (Jwf). A hydraulic washing was then performed for another 30 min to clean the 

system at a higher pressure (1378mbar) than filtration pressure (689 mbar). Finally, pure water 

flux (Jw2) was obtained again at 689mbar (Figure 3.13(a) & (b)). The experimental results show 

more reversible fouling for colloidal aggregation; more irreversible fouling for colloidal streamer 

fouling (Figure 3.13(c)). Here, several evaluating parameters are defined as reversible flux 

decline ratio (DRr), irreversible flux decline ratio (DRir), flux recovery ratio (FRR) and total flux 

decline ratio (DRt). We have calculated DRr, DRir, FRR and DRt with the formulas: (Jw2-Jwf)/Jw1, 

1-Jw2/Jw1, Jw2/Jw1, 1-Jwf/Jw1, respectively following the similar process in membrane filtration208, 

209. From Figure 3.13(c), the reversible flux decline for the colloidal aggregation (PS 0.2%) was 

recovered more (FRR=72.98%) and the reversible deposition of PS 0.2% probably released from 

the membrane surface by hydraulic washing. The reversible fouling for PS 0.2% accounted for 

DRr=51 % from DRt=78% overall fouling. However, streamer fouling was found to be mainly 

irreversible (DRir=76% from DRt=81% overall fouling) and less recovery of the flux obtained 

(FRR= 23.21%) due to the direct attachment and blockage of the pores, which were difficult to 

recover. 

The result can be explained by the fragility of the flocs110. The PS particles are spherical 

(diameter, 0.2m) in shape. The PS aggregates are smaller, loosely packed and fragile compared 

to the PAM+PS flocs which are bigger, compact, cohesive, and highly deformable210,110. As a 

result, the higher background shear force led to the sloughing of the loosely packed PS 

aggregates through the pillar pores. However, some particles/aggregates remained attached to the 

pillar walls211. The remaining few attached particles contributed to the very less irreversible 

fouling for PS 0.2% (Figure 3.13(c)). In case of PAM+PS flocs, due to the compact, cohesive 
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and deformable nature of the flocs, higher background shear force could not break or wash away 

the pores completely, contributing mostly to the irreversible fouling (Figure 3.13(c)).  

 

Figure 3. 13: Fouling percentage evaluation for colloidal aggregation and streamer fouling at the same pressure 689 

mbar.  At first, the dead-end filtration is performed for the clean system with pure water for 30 min, next the fouling 

experiments are performed for another 30 min. After that, a hydraulic cleaning is performed to clean the chip for 

another 30 min at higher pressure. Then, pure water filtration is performed again for 30 min. Figure (a) and (b) show 

the corresponding flux for PS 0.2% and PAM(0.2%):PS(0.2%)=1:4, respectively. (c) Represents the corresponding 

fouling percentage contributions for the same. Reversible flux decline ratio (DRr) is decreased by 24% than 

irreversible flux decline ratio (DRir) for colloidal aggregation and irreversible flux decline ratio (DRir) is increased 

by 72% than reversible flux decline ratio (DRr) for streamer fouling.  

3.3 Conclusion 

The dynamics of the fouling formation in a MMM device were presented by varying the 

hydrodynamic conditions and solution chemistry. Overall colloidal fouling scenarios were 

divided into four major categories: cake filtration, pore blocking, colloidal aggregation and 
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colloidal streamer. Different fouling scenarios were captured by microfluidic observations at 

pore scale in real-time analysis. Constant pressure experiments showed more decline in flux due 

to colloidal aggregation and colloidal streamer fouling at a higher pressure. Similar to the result 

obtained by commercial membrane fouling, the combined fouling like colloidal streamer caused 

more fouling in the MMM system than individual fouling. Colloidal streamer fouling is 

considered as a special kind of fouling which contributes more to irreversible fouling and it does 

not follow the Hermia model. In summary, our experimental technique models a dead-end 

membrane module for the microscopic fouling study and illustrates the importance of collective 

interplay of hydrodynamics and physiochemical interactions to establish different fouling 

scenarios at the pore scale. In conclusion, significant fouling may also occur due to the 

attachment of particles at the downstream end of membrane pores which cannot be ignored. 
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Chapter 4 

 

Role of secondary energy 

minimum in microfluidic 

membrane fouling٨ 

 

 

 

٨The materials of this chapter has been submitted.   
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4.1 Introduction 

Microfiltration (MF) and ultrafiltration (UF) have been extensively used and progressively 

applied in many industries like wastewater treatments212, pharmaceutical180, processing of 

food181 and drinking water112, 184. However, fouling of membranes by suspended particles8 and 

microbial pathogens213 is one of the major challenges that decreases the life cycle of membranes 

and thus restricts the extensive use of membrane technology. Fouling occurs when foulants start 

accumulating on the surface of membrane or into the pores of membrane during filtration187. 

Recent investigations revealed that fouling is a result of the combined effects of hydrodynamics 

(permeation flux, transmembrane pressure, and flow velocity) which brings particles closer to the 

membrane surface and the intermolecular particle-membrane interactions (electrostatic, van der 

Waals, and acid-base) which cause attachment of particles to the membrane surface134, 214. At the 

initial stage of filtration, adhesive force between the foulants and the membrane surface plays an 

important role while for the later stage of filtration, foulant-foulant interactions become more 

significant.  

Several studies used the concept of fluid flow in a porous media to study membrane fouling215, 

216. Porous media like a microfluidic device can play a key role in investigating fouling at pore 

scale53, 134, 216, 217. This device is called microfluidic membrane mimic (MMM) as recent 

advancement in microfabrication technology allows using it as a membrane module mimicking 

the pore size of MF membranes (0.1-10µm)213, 216. The main advantage of using an MMM device 

is that it provides real time visualization as well as in-situ investigations of fouling at pore 

scale211, 218. Hence, an MMM device enables the analysis of fouling during filtration whereas in 

typical membrane filtration systems only end-point (feed and permeate side) visualization and 
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analysis is possible217. Also, MMM device enables investigating the interplay between 

hydrodynamics and chemical interactions on fouling134. Debnath and Sadrzadeh reviewed the use 

of MMM device in colloidal membrane fouling134. Recently, Debnath et al.216 observed a new 

mechanism of membrane fouling called downstream fouling along with cake filtration and pore 

fouling using an MMM device216. Downstream fouling occurs when smaller particles compared 

to the membrane pore size pass through the membrane pores and accumulate at the downstream 

stagnation corners134, 216. They have noticed the inception of downstream fouling caused a major 

flux decline for the overall membrane fouling, which is not yet well established in the literature89, 

110, 215, 218. 

In order to fully understand the mechanism of colloidal fouling, here we investigated fouling 

phenomena in an MMM device, which simulates a dead-end MF process. Two colloidal foulants 

were used as the synthetic wastewater:  PS 0.2% w/w and SiO2 0.2% w/w. Our MMM device is 

fabricated using polydimethylsiloxane (PDMS) consisting an array of pillars with 2µm pillar gap 

and 5µm pillar height, mimicking an MF membrane with 3 µm hydraulic pore diameter. 

Hydrodynamic condition (transmembrane pressure) and the concentration of foulants were kept 

constant to examine the impact of intermolecular interactions on fouling for changing molar 

concentrations. Emphasis was given to the initial filtration condition responsible for foulant-

membrane adhesion and final stage of filtration responsible for foulant-foulant cohesion. To 

validate our microfluidic experimental observations thermodynamic free energies (adhesion and 

cohesion) and XDLVO interaction energies were calculated based on contact angle method214, 

219. Furthermore, microfluidic back-washing experiments were conducted to explore the role of 

secondary energy minimum in foulant deposition and further release of deposited particles from 

MMM pillars surfaces.  
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4.2 Background 

Principles of contact angle analysis 

Surface energy parameters of the membrane (PDMS) and foulant (PS and SiO2) can be 

determined experimentally by contact angle approach using the extended Young’s equation220. 

(1 + 𝑐𝑜𝑠 𝜃)𝛾𝐿 = 2 (√𝛾𝑆
𝐿𝑊𝛾𝐿

𝐿𝑊 + √𝛾𝑆
+𝛾𝐿

− + √𝛾𝑆
−𝛾𝐿

+)                                                                                    (4.1) 

𝛾𝐴𝐵 = 2√𝛾+𝛾−                                                                                                                                                         (4.2) 

𝛾𝑇𝑂𝑇 𝛾𝐿𝑊 + 𝛾𝐴𝐵                                                                                                                                                          (4.3) 

Where θ is the contact angle, γTOT is the total surface tension, γLW is the Lifshitz–van der Waals 

component, γAB is the Lewis acid-base component and γ+ and γ− are the electron acceptor and 

electron-donor components, respectively. The subscript S and L stands for the solid surface and 

the liquid, respectively. The surface tension components were converted to free energies 

following the model described by Childress et al.214. The free energy of adhesion (△ 𝐺123
𝐴𝑑ℎ) 

between membrane (3) and foulants (1) in a medium like water (2) can be calculated as the sum 

of Lifshitz-van der Waals energy (△ 𝐺123
𝐿𝑊 ), acid-base (△ 𝐺123

𝐴𝐵 ) interaction energy and 

electrostatic free energy (△ 𝐺123
𝐸𝐿 ) by214, 221, 222: 

 △ 𝐺123
𝐴𝑑ℎ =  △ 𝐺123

𝐿𝑊 +△ 𝐺123
𝐴𝐵 +

△ 𝐺123
𝐸𝐿                                                                                                                   (4.4) 
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△ 𝐺123
𝐿𝑊 = 2 (√𝛾2

𝐿𝑊 − √𝛾1
𝐿𝑊) (√𝛾3

𝐿𝑊

− √𝛾2
𝐿𝑊)                                                                                             (4.5) 

△ 𝐺123
𝐴𝐵 = 2√𝛾2

+(√𝛾1
− + √𝛾3

− − √𝛾2
−) + 2√𝛾2

− (√𝛾1
+ + √𝛾3

+ − √𝛾2
+) − 2 (√𝛾1

+√𝛾3
− + √𝛾1

−√𝛾3
+)  4.6 

△ 𝐺123
𝐸𝐿 =

 𝜀0𝜀𝑟𝜅

2
(𝜁3

2 + 𝜁1
2) (1 − coth(𝑑0𝜅) +

2𝜁3𝜁1

(𝜁3
2 + 𝜁1

2)
csch(𝑑0𝜅))                                                     (4.7) 

where 𝜀0 = 8.854 × 10−12𝐶𝑉−1𝑚−1 is the dielectric permittivity in free space, 𝜀𝑟  is the relative 

dielectric constant of the suspending fluid (𝜀𝑟  =78.5 for water); 𝜅 is the reciprocal of the Debye 

screening length, d0=0.158 nm is the minimum equilibrium cut-off distance, and 𝜁3 and 𝜁1 are the 

surface potential of the membrane and foulants, respectively. 𝜅 

is the reciprocal of the Debye screening length, 𝜅 = 3.29 × 109|𝑧|√(𝑀), here M is the molar 

concentration of the electrolyte and z is the valence of ions. 

Interaction energies: Extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory  

The total interaction energies between the membrane-foulant and foulant-foulant can be 

determined using extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory. The 

XDLVO theory accounts for the AB interaction energy in addition to the LW and EL interaction 

energies to perform energy balances for aqueous system214. The total interaction energy 

(𝐸123
𝑋𝐷𝐿𝑉𝑂 ) can be written214, 220 

𝐸123
𝑋𝐷𝐿𝑉𝑂 = 𝐸123

𝐿𝑊 + 𝐸123
𝐸𝐿 + 𝐸123

𝐴𝐵                                                                                                                                (4.8) 
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Now, the LW interaction energy as a function of separation distance (d) per unit area decays with 

the inverse square of the distance between two planar geometry223. Applying Derjaguin’s 

approximation we can convert LW interaction energy between two planar surfaces to the 

interaction of a flat sheet (membrane) and a sphere (foulant) by the equation214, 223 

𝐸123
𝐿𝑊(𝑑) = −

𝐴𝐻𝑟1

6𝑑
                                                                                                                                                    (4.9) 

Where AH is the Hamaker constant, which can be calculated form the LW component of free 

energy of adhesion from equation (4.5) by 

𝐴𝐻

= −12𝜋𝑑0
2 △ 𝐺123

𝐿𝑊                                                                                                                                            (4.10) 

The expression for the AB interaction energy can be derived using equation (4.6) by 

𝐸123
𝐴𝐵 (𝑑) = −2𝜋𝑟1𝜆 △ 𝐺123

𝐴𝐵 exp (
𝑑0 − 𝑑

𝜆
)                                                                                                        (4.11) 

Where  is the characteristic decay length for AB interactions in water. 𝜆=0.6𝑛𝑚 was used in the 

study220. The EL component of the interaction energy can be calculated by 

𝐸123
𝐸𝐿 (𝑑) = 𝜋𝜀𝑟𝜀0𝑟1 (2𝜁3𝜁1 ln (

1 + exp( − 𝜅𝑑)

1 − exp( − 𝜅𝑑)
) + (𝜁3

2 + 𝜁1
2) ln(1 − exp(−2𝜅𝑑)))                            (4.12) 

where, r1 is the radius of the spherical foulant (PS and SiO2). Similarly, foulant-foulant 

interactions can be found by replacing 3 with 1 for equations (4.6)-(4.12) and replacing r1 with 

r1/2 in equation (4.12)219. 
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4.3 Material and methods 

Microfabrication 

The convensional photolithography technique was used to fabricate the microfluidic membrane 

mimic (MMM) device using polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, NY, 

USA). The details about the microfabrication process and design can be found in our previous 

studies215, 216. A MMM device is bonded to a cover glass by oxygen plazma to create a micro-

channel after drilling inlet and outlet (Figure 4.1 (a)). Figure 4.1(a) also shows scanning electron 

microscopy (SEM) images of the MMM device with detailed dimensions. Each sample was 

carbon coated (Denton Vacuum, Desk II, Moorestown, New Jersey) before imaging by the field 

emission SEM (Zeiss, Oberkochen, Germany) at 20 kV with an in-lens secondary electron 

detector216. The pore size (hydraulic diameter dh~3µm) and filtration performance of this MMM 

device is comparable to a MF membrane (pore size 0.1-10m), as described by Debnath et al.216.  
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Figure 4. 1: (a) PDMS microfluidic chip bonded to cover glass with inlet for feed and outlet for 

permeate. SEM image shows the top view and side view of the microchip with dimensions (b) 

Zeta potential as a function of mM of NaCl for PDMS, SiO2 (0.2% w/w) & PS (0.2% w/w) 

surfaces at room temperature.  

Foulant solution preparation (PS and SiO2) 

0.2% w/w PS and SiO2 synthetic wastewater solutions were prepared for the fouling study. 0.2% 

w/w PS particle solution was prepared by dissolving amine-modified polystyrene beads (Radius 

RPS ~ 100nm, excitation at 580 nm, emission at 605nm, Life Technologies, ON, Canada) into 

Millipore water. PS particles were red fluorescent under fluorescent microscopy used for the ease 

of microfluidic fouling observation. To study the effect of molar concentration on the LW, EL 

and AB components of interaction energy, the NaCl molar concentrations varied  from 1mM, to 

200mM while the PS concentration was kept constant (0.2% w/w). Similarly, 0.2% w/w SiO2 

particle solution (Radius RSiO2 ~ 42nm, Snowtex, Nissan Chemicals) was prepared at different 

molar concentrations. The pH of the colloidal solutions was adjusted at 8 using 0.1M NaOH 

solution. The particular pH=8 was selected to create unfavourable interactions so that the 

possibility of finding secondary energy minimum becomes most probable224–226. Both foulants 

were introduced into the inlet of the MMM device at constant transmembrane pressure of 689 

mbar for all fouling experiments at room temperature.  

PDMS surface modification and contact angle measurement 

First, PDMS sample was cut into 2in.  2in. coupons. Then, oxygen plasma was used for 1min at 

500mtor pressure with 100W power to render PDMS surface hydrophilic227. After that, prepared 

foulant solutions of 5 different molar concentration were immediately poured onto the plasma-
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treated membrane coupons for 10 min at room temperature in 5 beakers228, 229. Next, the samples 

were finally blown dry with nitrogen and heated on a hotplate at 80ºC for 15 minto esure stability 

of the coating229. After that, the PS coated membrane chips were washed again to remove excess 

salt and finally blown dry with nitrogen before the contact angle measurement230. Similarly, 5 

different SiO2 coated membrane chips were prepared. Finally, the contact angle measurements 

were performed on fifteen dried coated PDMS surfaces: five for PS-coated samples at 5 different 

NaCl molar concentrations (1 mM, 10 mM, 50mM, 100 mM, 200 mM); five for SiO2-coated 

samples at the same NaCl concentrations; and five for foulant-free PDMS surafaces treated with 

only NaCl of the same concentrations which were referred to as the clean membranes. Yu et 

al.230 studied the evaporative deposition of PS particles on PDMS surface and noticed that at 

lower concentration of PS a monolayer of PS was formed on the PDMS surface230. Toepke and 

Beebe231 noticed retainment of hydrophobic small molecules on PDMS surface even after several 

wash in a microchannel. The coated suraface SEM images are shown in the Figure 4.2.  

 

Figure 4. 2: SEM images of the coated PDMS surfaces with deposited foulants. Deposition of foulants on PDMS 

surface is increased with molar strength. 

Figure 4.2 shows foulant deposition incraesed with incraesing molar concentartion on PDMS 

surface. In-air water contact angle measurements were conducted with three probe liquids (water, 
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diiodomethane and formamide) using a contact angle analyser (Kruss DSA 100E, Hamburg, 

Germany) at 7 different locations of the samples and the average values of the contact angle were 

reported (Figure 4.3). Figure 4.3 shows all contact angle results. The contact angle for polar 

liquids like water and formamide were decreased and apolar liquids like diiodomethane it was 

increased with ionic concentrations (Figure 4.3). The similar trend was also observed in several 

literaure for polymeric membranes214, 219, 221. It might be because, as increasing ionic streangth 

the deposition of foulants were increased (Figure 4.2), the interaction of polar liquids were 

decreased while apolar liquid like diiodomethane showed more interactions with the coated 

PDMS surface214, 219, 221.  

 

Figure 4. 3: Contact angle of diiodomethane, formamide and water with increasing NaCl molar concentrations for 

(a) PDMS, (b) PS-PDMS and (c) SiO2-PDMS. 

Surface zeta potential 

The surface zeta potential of PDMS was measured using SurPASSTM 3 Electrokinetic Analyzer 

(Anton Paar, Graz, Austria) using 1mM KCl solution as the electrolyte at pH=8. The surface zeta 

potential of the foulants PS and SiO2 were measured using a Zetasizer Nano ZS (Malvern, USA) 

which are shown in Figure 4.1(b). PS surfaces showed relatively less negative zeta potential for 

all molar concentrations than SiO2 (Figure 4.1(b)). 
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Experimental set up 

The MMM device was placed under an inverted optical microscope (Nikon Eclipse Ti) to 

observe the fouling directly. The details about the experimental set up is given in our previous 

study216. A pressure-driven flow was created in the MMM device by using microfluidic flow 

control system (MFCS) (Fluigent, MA, USA), mimicking a dead-end filtration setup. The feed 

solution was sent through the inlet via a flow unit (Fluigent, MA, USA) and permeate was stored 

from the outlet in a waste beaker (Figure 4.1(a)). A constant-pressure difference (ΔP=689 mbar) 

was maintained by the microfluidic pressure controller (MFCS-EZ) (Fluigent, MA, USA) for all 

experiments. The flow-rate-control-module software (Fluigent, MA, USA) measured the 

volumetric flow rate (Q) directly. The MFCS (Flow unit) was never let to dry & cleaned three 

times with ethanol solution before changing any feed sample. It is important to note that all 

experiments were conducted at creeping flow condition (Re<1) with maximum fluid velocity 

vmax~6.8410-4 m/s. All experiments were performed at room temperature and repeated three 

times.  

4.4 Result and discussion 

4.4.1 Determination of free energies 

To determine the surface tension components contact angle measurements were performed using 

three probe liquids with known surface tension properties: apolar diiodomethane (Fisher 

Scientific, Pittsburgh, PA), polar formamide (Fisher Scientific, Pittsburgh, PA) and polar 

ultrapure water. The surface tension components as well as polar and free energy components for 

these three probe liquids are listed in Table 4.1232.  
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Table 4. 1: Surface tension parameters and energy components (mJ/m2) of probe liquids at 20C. Data is taken from 

van Oss220. 

Probe liquids L + −  LW 

Diiodomethane 50.8 0.01 0 0 50.8 

Formamide 58 2.28 39.6 19 39 

Water 72.8 25.5 25.5 51 21.8 

Sessile drop contact angle measurements were performed by releasing 3µL droplets of the probe 

liquid using a 1mL syringe at a minimum distance from the surface. Seven contact angle 

measurements were taken at seven different locations and the average value (with <5% standard 

deviation) was used for further analysis. The contact angle results in Figure 4.3 suggested that 

the chemistry of the PDMS surfaces altered significantly by the increased deposition of PS (0.2% 

w/w) and SiO2 (0.2% w/w) on PDMS surfaces (Figure 4.2). Based on the contact angle data the 

surface tension components and free energy components were calculated using equations (4.1)-

(4.7) and listed in the Tables 4.2 and 4.3, respectively.  

Table 4. 2: Surface energy parameters of membranes and colloids. 

Surfaces NaCl mM + −  LW  

PDMS 1 2.74 25.42 16.70 35.21 51.91 

PDMS 10 1.71 23.77 12.75 38.33 51.09 

PDMS 50 0.59 23.48 7.44 41.97 49.42 

PDMS 100 0.24 20.55 4.44 44.37 48.81 

PDMS 200 0.11 19.87 2.93 45.68 48.61 

PS-PDMS 1 0.47 45.62 9.26 41.90 51.16 

PS-PDMS 10 0.20 41.09 5.70 44.66 50.37 

PS-PDMS 50 0.14 38.19 4.62 45.51 50.14 

PS-PDMS 100 0.04 34.91 2.36 46.52 48.88 

PS-PDMS 200 0.01 32.78 1.01 47.34 48.35 

SiO2-PDMS 1 0.31 53.41 8.14 47.23 55.37 

SiO2-PDMS 10 0.30 49.91 7.73 47.90 55.64 

SiO2-PDMS 50 0.17 45.00 5.53 48.96 54.49 

SiO2-PDMS 100 0.18 38.73 5.28 49.75 55.03 
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SiO2-PDMS 200 0.02 36.66 1.71 49.88 51.59 

Table 4. 3: Surface free energy parameters of colloids. 

Surfaces 
NaCl 

mM 
𝑮𝟏𝟐𝟏

𝑳𝑾  𝑮𝟏𝟐𝟏
𝑨𝑩  𝑮𝟏𝟐𝟏

𝑬𝑳  𝑮𝟏𝟐𝟏
𝑪𝒐𝒉 𝑮𝟏𝟐𝟑

𝑳𝑾  𝑮𝟏𝟐𝟑
𝑨𝑩  𝑮𝟏𝟐𝟑

𝑬𝑳  𝑮𝟏𝟐𝟑
𝑨𝒅𝒉 

PS-PDMS 1 -6.51 48.28 0.0001 41.77027 -4.56 11.50 0.00008 6.93554 

PS-PDMS 10 -8.11 36.47 0.0005 28.35508 -5.43 8.58 0.00045 3.15045 

PS-PDMS 50 -8.63 30.38 0.0009 21.75573 -7.52 7.77 0.00069 0.25066 

PS-PDMS 100 -9.26 17.35 0.0004 8.10006 -8.57 2.82 0.00042 -5.74984 

PS-PDMS 200 -9.78 15.43 0.0004 5.65148 -9.24 0.50 0.00046 -8.73896 

SiO2-PDMS 1 -9.71 56.87 0.0002 47.15254 -5.57 15.26 0.00016 9.6812 

SiO2-PDMS 10 -10.14 51.75 0.0004 41.12826 -6.86 13.51 0.00047 7.43807 

SiO2-PDMS 50 -10.84 41.83 0.0009 30.98665 -8.43 12.31 0.00067 3.88213 

SiO2-PDMS 100 -11.37 32.28 0.0006 20.90365 -9.50 5.92 0.00068 -3.57423 

SiO2-PDMS 200 -11.46 23.16 0.0005 11.69979 -10.00 3.68 0.00065 -6.32702 

This result is in good agreement with previous studies as polymeric membranes like PDMS is 

typically high electron donor (Table 4.2). Also, the increase in the zeta potential (Figure 4.1(b)) 

and the decrease in electron donor (-) components (Table 4.2) with the addition of salt showed 

consistency in our both contact angle and zeta potential experimental results233. The interfacial 

free energy of cohesion (△ 𝐺123
𝐶𝑜ℎ) represents the free energy when two surfaces of same material 

are immersed in water and the interfacial free energy of adhesion (△ 𝐺123
𝐴𝑑ℎ) represents the free 

energy when two surfaces of different materials are immersed in water214. Figure 4.4 shows that 

the free energy of cohesion (△ 𝐺123
𝐶𝑜ℎ) and adhesion(△ 𝐺123

𝐴𝑑ℎ) both decreased with increasing ionic 

strength for PS and SiO2. Cohesive energy remained positive, indicating that hydrophilic 

interactions for PS-PS and SiO2-SiO2 dominate while adhesive energy changed sign by 

increasing molar concentrations, implying that foulant-membrane interactions became 

hydrophobic214. Among these interactions the electrostatic free energy (△ 𝐺123
𝐸𝐿 ) was negligible 

and acid-base free energy (△ 𝐺123
𝐴𝐵 ) was predominant for all (Table 4.3). Based on the calculated 
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thermodynamic free energies from contact angle data the XDLVO interaction energies were 

calculated as discussed next. 

 

 

Figure 4. 4: Cohesion energy (△ 𝑮𝟏𝟐𝟑
𝑪𝒐𝒉) for SiO2-SiO2 and PS-PS and adhesion energy (△ 𝑮𝟏𝟐𝟑

𝑨𝒅𝒉) for SiO2-PDMS 

and PS-PDMS as a function of NaCl molar concentrations. 

4.4.2 Determination of energy minimum  

Although the hydrodynamic forces are responsible to forward the foulants close to the membrane 

surface, it is the thermodynamic adhesion forces that cause initial attachment of the particles to 

the membrane surface and cohesion force plays an important role for later stages of fouling225. In 

order to investigate the influence of free energies for changing molar concentartions and foulant 

properties such as particle size, surface charge and electrical properties on membrane fouling, 
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XDLVO theory was applied to predict the interaction behavior of the foulant-membrane and 

foulant–foulant separately214, 219, 221, 222, 234. XDLVO theory includes the polar AB interactions as 

well as LW, EL interactions over classical DLVO theory214. Many researchers found that AB 

interaction plays a major role in overall membrane fouling interactions9,221, 234.  

In general, when colloids are flowing through a porous media, the deposition, release, and 

transport of colloidal particles occur simultaneously. Recently, many studies have been 

conducted on the role of secondary energy minimum in the release of particles211, 226, 235–238. 

When a colloid is deposited within the secondary energy minimum, it can either overcome the 

energy barrier to deposit at the primary energy minimum or release to the bulk fluid flow. The 

presence of a significant repulsive energy barrier would cause more particles to remain in the 

secondary energy minimum. In other words, the particles having lower energy to overcome the 

energy barrier could remain associated with the membrane surface within the secondary energy 

minimum or release to the bulk. Also, Brownian diffusion may lead to spontaneous detachment 

of the colloids even from primary energy minimum239.  
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Figure 4. 5: DLVO and XDLVO interaction energy profile for foulant-membrane (a) PS-PDMS, (b) SiO2-PDMS 

and foulant-foulant (c) PS-PS, (d) SiO2-SiO2 interactions at 100mM NaCl. The enlarge version shows the existence 

of the secondary energy minimum for (c) and (d). 

In order to examine the presence of energy barrier and secondary energy minimum, we 

calculated the interactions energies using equations (4.8)-(4.12). Figure 4.5 shows the DLVO and 

XDLVO interaction energy profile for PS-PDMS, SiO2-PDMS, PS-PS, and SiO2-SiO2 

interactions at 100mM NaCl concentration. PS-PDMS interactions showed lowest energy barrier 

and PS-PS interactions showed highest energy barrier (Figure 4.5 ((a), (c)). At 100mM of NaCl 

SiO2-PDMS showed higher repulsive energy barrier (Figure 4.5(b)) than PS-PDMS (Figure 

4.5(a)). This might be due to more SiO2-PDMS electrostatic repulsion than PS-PDMS, as SiO2 is 

found to be more negatively charged than PS (Figure 4.1(b)). The secondary energy minimum 
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depth for PS-PS and SiO2-SiO2 were about -3.5KT, -1.75KT, respectively. Here, increasing 

particle size might resulted in more particle deposition in the secondary energy minimum as PS 

(RPS~100nm) is twice the size of SiO2 (RSiO2~42nm)238.  

Figure 4.6 summarizes the XDLVO interaction energy profiles for foulant-membrane (Figure 

4.6(a), (b)) and foulant-foulant (Figure 4.6(c),(d)) interactions at all ionic concentrations. The 

interaction energy was found to decrease with increasing ionic strength221, 234, 240 (Figure 4.6). 

Energy barrier was much higher for the case of foulant-foulant (Figure 4.6(c), (d)) interactions as 

compared to that foulant-membrane (Figure 4.6(a), (b)).  

 

Figure 4. 6: XDLVO interaction energy profile for (a) PS-PDMS, (b) SiO2-PDMS, (c) PS-PS and (d) SiO2-SiO2 

with varying molar concentrations as a function of separation distance. 
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The reversible attachment of colloids in the secondary energy minimum plays an important role 

in determining the extent of colloid transport in the subsurface236. Figure 4.7 shows the 

secondary energy minimum for all molar concentrations for PS and SiO2 surfaces. Secondary 

energy minimum depth for PS-PS interaction was almost twice the depth for SiO2-SiO2 at 50,100 

and 200mM ionic concentrations (Figure 4.7). These results provides good supports with 

previous investigations as it was found that increasing ionic strength caused a growing secondary 

well and a smaller height of energy barrier214, 218, 219, 221, 222. Also, increasing colloid size 

influences deeper secondary well and a greater height of energy barrier214, 218, 219, 221, 222. As PS 

(RPS ~ 100nm) is almost twice the size of SiO2 (RSiO2 ~ 42nm), it might cause higher interaction 

energies (LW, EL and AB) and greater secondary well (Figure 4.6 & 4.7). Increasing ionic 

strength more foulants tend to deposit on the membrane surface due to the shrinkage of the 

double layer thickness240. Another interesting point is that the distance to the secondary energy 

minimum became closer to the surface and the span of the secondary energy well became 

narrower239 (Figure 4.7).  

 

Figure 4. 7: Secondary energy minimum depth for (a) PS-PS interactions were twice the depth of secondary energy 

minimum for (b) SiO2-SiO2 for 50mM, 100Mm and 200mM NaCl molar concentrations. 
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 4.4.3 Microfluidic results 

Microfluidic constant pressure filtration 

Constant pressure dead-end filtration is performed in order to investigate the effect of molar 

concentration on colloidal fouling using an MMM device. The flux decline during the filtration 

of 0.2%w/w PS and SiO2 is shown in Figure 4.8 for 1mM, 50mM and 100mM NaCl 

concentration. The flux for PS at 1mM ionic strength was found to drop by 62.5% after 10min, 

while at 50 and 100mM ionic strength 93.7% decrease was observed after 10min and 5 min of 

filtration, respectively (Figure 4.8(a)). In the case of SiO2, the initial flux decline was sharper and 

the steady state was reached in less than 2 min for all concentrations of NaCl (Figure 4.8(b)).  

 

Figure 4. 8: Flux vs time plot for microfluidic constant pressure filtration (689mbar) showing severe flux decline 

with increasing molar concentrations for SiO2 0.2% w/w foulant compared to PS 0.2% w/w foulant. 

This result suggests that the adhesion between foulant and membrane at the initial stage of 

filtration was more important than foulant-foulant interaction at the later stage. Our surface 

energy results showed more adhesion for SiO2-PDMS than PS-PDMS (Figure 4.4); therefore 
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more severe flux decline within few seconds of filtration is expected (Figure 4.8(b)). In addition, 

higher SiO2-SiO2 cohesion energy resulted in more resistance against flow through the SiO2 cake 

layer. Apparently, for both PS and SiO2, flux decline was sharper and steady flux reached sooner 

by increasing the ionic strength (Figure 4.8). All constant-pressure filtration experiments were 

repeated three times at room temperature (Figure 4.9).  

 

Figure 4. 9: Constant pressure repeatability experiments for 1mM (a) and (d), 50mM (b) and (e) and 100mM (c) and 

(f) of NaCl at 689mbar pressure. 

The corresponding microfluidic fouling images in Figure 4.10 showed cake layer formation for 

SiO2 fouling only and cake layer with downstream fouling for PS216. Also, downstream fouling 

intensified for PS and cake layer thickness increased for SiO2 by increasing the ionic strength 

(Figure 4.10(b) and (c)). In case of PS, downstream fouling was noticed but for SiO2, most of the 

particles were re-suspended and washed away with the background flow. Less cohesion and 
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adhesion energies of PS as compared to SiO2 (Figure 4.4) caused the PS particles to move to the 

downstream side. In fact, the combined effect of the higher energy barrier (Figure 4.6(a), (b)) 

and the presence of the secondary minimum (Figure 4.7(a)) caused more PS particles to move to 

the downstream side of the pillars.  

 

Figure 4. 10:  Microfluidic fouling images showed cake layer fouling for SiO2 and cake layer with downstream 

fouling for PS for different ionic concentrations of NaCl (a) 1mM, (b) 50mM, (c) 100mM at 689mbar pressure. All 

scale bars are 50µm. 

Despite of many arguments of colloidal attachment in the secondary energy minimum, such as; 

this attachment only occur in case of a smooth collector surface at the stagnation point or even in 

case of parallel plate flow with no stagnation point241, from our microfluidic experiments we 
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noticed, fouling (cake layer and downstream fouling) was present in all around the pillar surfaces 

and only PS particles moved to downstream stagnation point at the same fluid shear and 

chemical conditions when compared to SiO2. Based on our microfluidic results we hypothesize 

that the initial phase of fouling is mostly influenced by the primary energy attachment and the 

downstream fouling can only occur after the initial phase of filtration when deposition at the 

primary energy minimum has already occurred. After the initial phase of fouling, deposition at 

the secondary energy minimum is favored under unfavorable chemical conditions241. When 

particles start depositing at the secondary energy minimum, fouling behavior might alter from a 

cake layer to downstream fouling. As the PS particles are twice in size than the SiO2, the larger 

gap among deposited PS particles or local higher surface roughness increased the possibility of 

additional PS particle attachment in the secondary energy minimum242. Also, the less cohesive 

force among PS particles caused more PS particles to move to the downstream side and attach 

again when fluid shear was reduced at the downstream stagnation corner. From XDLVO 

calculations and microfluidic experiments we have noticed increasing depth of secondary energy 

minimum and the height of energy barrier also favored the release of more PS particles to the 

bulk fluid. To explain more on the inception of the downstream fouling from initial cake layer 

fouling and PS particle release from secondary energy minimum we have conducted back-

washing experiments as discussed in the next section.  

Back-washing: reversible deposition at the secondary energy minimum 

In our MMM device, we have conducted the back-washing experiments by switching the outlet 

and inlet of the device for both the foulants. By increasing the pressure up to 689 mbar, different 

particle release phenomena were observed. Interestingly, we have observed PS particles started 
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to release from the cake layer even at zero or lower pressure than 689mbar while very few 

particles were released for SiO2 (Figure 4.12 & 4.13). The primary and secondary water channels 

were formed for PS release while in case of SiO2 it was absent. At 689 mbar pressure, these 

water channel formation through the PS cake layer was found to be the primary reason for the 

easier release of PS (Figure 4.11(a))216. In our previous study we observed water channel 

formation for downstream fouling phenomenon216.  

 

Figure 4. 11: Microfluidic back-flashing experiments for PS and SiO2 fouling in MMM device showed (a) particle 

release by water channel formation from cake layer for PS at 689mbar  and (b) cake layer release by water film 

formation around pillar surface for SiO2 at >689mbar pressure. 

On the other hand,  very few  particles were released from SiO2 cake layer even until 689mbar 

for all salt concentrations. When we further increased the pressure higher than 689mbar for SiO2, 

a thin water film was formed around the pillars which segregated SiO2 cake layer from the pillar 

surfaces by keeping their cake layer profile intact (Figure 4.11(b)). From Figure 4.11(b), we 

noticed that SiO2 cake layer were separated from the pillars and started to rotate and glide along 

the flow (>689mbar). This is probably because SiO2-SiO2 cohesion is almost 5 times larger than 

SiO2-PDMS adhesion (Figure 4.4), background fluid flow could not separate the SiO2 particles 

from each other or initiate any water channel through SiO2 cake layer. With more filtration, most 
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of the PS particles were separated and few particles were noticed to release even from the 

downstream fouling side (Figure 4.12). However, few PS particles remained attach to the PDMS 

surface in the primary energy minimum even after several back-washing (Figure 4.12). Our 

back-washing experiments showed release of SiO2 cake layer form PDMS surface, indicating 

particle release form primary energy minimum is possible at higher pressure243. 

 

Figure 4. 12: Microfluidic back-flashing results at 689mbar pressure for PS before back-flashing (a)(i),(b)(i),(c)(i) 

and after back-flashing (a)(ii),(b)(ii),(c)(ii) showed particle release from secondary energy minimum.  

If a particle is attached to the surface in its secondary energy minimum then because of the larger 

separation distance (4-5nm) from surface, a fluid layer can exist in between, especially for a 

hydrophilic surface which helps further gliding or sliding of the particle or aggregates and they 

can reach to primary energy minimum239, relocate to secondary energy minimum or release in 
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the bulk fluid211, 218, 225, 235–239. For example, back-washing experiment for SiO2 in 50mM salt 

solution, showed removal of cake layer at higher pressures (>689mbar) altogether from PDMS 

surface. On the other hand, the PS particles started to separate from the outer cake layer even 

when the pressure was reduced to zero (zero flow rate condition) (Figure 4.12). PS particles were 

loosely packed due to lower cohesive force and mostly deposited to the secondary energy 

minimum which was reversible224 (Figure 4.12). From these observations we hypothesize that 

release of deposited PS particles from cake layer (for pressure <689 mbar) might be the reason 

behind the inception of downstream fouling. 

 

Figure 4. 13: Microfluidic back-flashing results at 689mbar pressure for SiO2 showed very few particle release from 

the outer surface of the cake layer at (a) 1mM NaCl (b) 50mM NaCl and (c) 100mM NaCl.  
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In summary, our experimental results suggest that by changing particle size and surface charge, 

different fouling phenomena can be observed such as cake layer and downstream fouling for 

similar experimental conditions. SiO2 being a smaller dimension (half the size of PS) was 

expected to result in more downstream fouling as compared to PS. Hence, the larger difference 

between the height of energy barrier and the depth of secondary energy minimum favors more 

particle deposition at the secondary energy minimum. This difference is more significant in case 

of PS compared to SiO2 which resulted in substantial downstream fouling while SiO2 showed 

cake layer fouling only (Figure 4.11, 4.12 & 4.13). Moreover, less energy barrier for SiO2 

allowed more particles to deposit at the primary energy minimum which caused severe flux 

decline for SiO2 compared to PS (Figure 4.6 & 4.8 (b)). This scenario is also analogous to the 

complete pore blocking model as described by various membrane researchers91, 109, 192, 226, 244, 245. 

As the theoretical aspect for colloidal fouling at pore scale is beyond the scope of this study we 

restrict our discussion in experimental observation and empirical relations only. The quantitative 

analysis for the release of particles from cake layer to downstream fouling needs further 

investigations in the future. In conclusion, reversible attachment of particles in the secondary 

energy minimum can alter the fouling behavior in an MMM device significantly from a cake 

layer to a downstream fouling. 

4.5 Conclusion 

In this study we have observed different fouling behavior of two colloidal foulants (PS and SiO2) 

for similar chemical conditions in dead-end filtrations using an MMM device. Cake layer fouling 

was observed for SiO2 and cake layer with downstream fouling was observed for PS particles. 

MF filtration flux was declined more with increasing ionic strength as a result of increased 
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fouling. The interaction energy between the membrane–foulant and foulant–foulant were 

calculated from contact angle measurement using XDLVO theory. Increasing molar 

concentration decreased the height of energy barrier and increased the depth of secondary energy 

minimum. Microfluidic fouling results agreed well with XDLVO calculations of energy. The 

back-washing experiments showed water channel formation alleviated the release of PS particle 

from the cake layer at lower pressure while no water channel formation was noticed through 

SiO2 cake layer even at maximum pressure. 
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Conclusion & future workꜝ 
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ꜝ A part of the materials of this chapter has been published in “N. Debnath and M. Sadrzadeh, 

“Microfluidic mimic for colloid membrane filtration: a review”, Journal of the Indian Institute of 

Science, Vol. 98, I. 2, p. 137-157, 2018.”  
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5.1 Conclusion 

In this dissertation, at first, an overview of the connections between membrane technology and 

microfluidic filtration has been provided. A special focus is made on the application of 

microfluidic membrane filtration devices for investigating the colloidal fouling. Applying a 

massive variety of fabrication methods, microfluidic membrane filtration devices can be scalable 

and designed for specific applications, such as separation of colloids, organic matter, and 

biological substances from wastewaters. Furthermore, using a microfluidic membrane filtration 

device, the internal surface can be exploited for investigating the fouling dynamics and 

morphology, intermolecular interactions, and transport mechanisms at the pore scale.  

In Chapter 2, a microfluidic filtration device (pillar gap 25µm) has been developed to observe 

and analyze the fouling formation for constant flow rate filtration. The fouling experiments 

resulted in a slender string-like structure formation as colloidal streamer when polystyrene and 

polyacrylamide were introduced together into the micro-chip. For neutral pH conditions, 

streamer formation was observed when the mass flow rate of PS solution was equal to or greater 

than 0.6 times that of the PAM solution. The detailed of the flow regime under which the 

streamer formation occurred was quantified in a state diagram. We also showed that the streamer 

formation was caused by floc formation, and the floc formation was the result of electrostatic 

effects. However, further investigation of the colloidal streamer is crucial for the future to reveal 

more information about particle-laden complex flows in a microfluidic device. 

In Chapter 3, the colloidal fouling phenomena have been investigated using an MMM device 

with a reduced pillar gap to 2µm. The developed MMM device could mimic the pore size of a 

microfiltration membrane and was used as a dead-end filtration membrane module to observe 

real-time fouling formation at pore scale. A systematic study has been performed by varying the 
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hydrodynamic conditions (flux, pressure, flow rate) and solution chemistry to investigate 

colloidal (with PS), organic (with PAM), and combined fouling (with PS+PAM), separately. 

Fouling formation is categorized into four major types: cake filtration at upstream (by PS), pore 

fouling at pores (by PAM), downstream colloidal aggregation (PS at high pressure) and colloidal 

streamer formation (PS+PAM at high pressure). Constant-pressure experiments showed severe 

flux decline due to downstream fouling at higher pressures. Similar to the ex-situ membrane 

filtration, combined fouling resulted in more severe flux decline than individual fouling. 

In Chapter 4, interaction energies of all components contributing to fouling were calculated and 

used for rationalizing different types of fouling phenomena. Comparing the fouling scenarios by 

SiO2 and PS at the same hydrodynamic condition, we found that SiO2 resulted in primarily cake 

layer formation, while PS particles showed cake layer formation along with significant 

downstream fouling. Fouling was increased by increasing molar concentration of salt in the 

synthetic wastewater solution, which also aligns well with increasing depth of secondary energy 

minimum. Another interesting finding was the increased fouling rate for SiO2 as compared to PS 

at the same filtration condition. The XDLVO energy calculation revealed the reason was the 

lower cohesive energy between PS-PS than SiO2-SiO2. Also, primary and secondary water 

channel formation during back-washing for PS alleviated particle release from cake layer, which 

might be the cause of downstream fouling. Interestingly, no water channel and downstream 

fouling were observed in case of SiO2 cake layer for back-washing at higher pressures.  

5.2 Strengths and limitations 

Several challenges in understanding the transport and fouling mechanisms in porous membranes 

can be overcome using a microfluidic membrane filtration system. The general advantages of a 
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microfluidic device include saving time, space, material and cost, better control of flow, and 

high-throughput. Microfluidic membrane filtration devices, with the flexible design of the 

microchips, can be utilized for separation, purification, and concentration studies at micron-

scale. Microfluidic membrane chips enable creating defect-free porous surfaces with 

homogeneous properties that can be operated in a continuous and uniform-flow filtration 

process. These devices are highly efficient as one can have more control over time, size, and 

experimental parameters, as well as the flow hydrodynamics. Given that, these devices have been 

used for many industrial applications to improve separation efficiency and material properties.  

To fabricate a microfluidic membrane filtration system, the selection of proper material for the 

intended application is critical. Several studies have shown promising results using PDMS 

microfluidic membranes in colloid filtration and fouling investigations, as discussed earlier. The 

PDMS microchip has several advantages such as low toxicity, elasticity, chemical inertness, 

strong gas permeability, and low cost. The use of a PDMS microchip is, however, limited by the 

aging of material, poor chemical compatibility, the absorbance of small molecules and water 

vapor generation inside a microchip.  

Several challenges and limitations can be encountered using microfluidic colloid membrane 

filtration. The first and foremost challenge is the fabrication of microchips with the scaling 

comparable with the pores of typical porous membranes. The conventional photolithography 

technique, as the most common microfabrication method, can be employed for the fabrication of 

the smallest feature sizes of 0.5µm. This size range is highly comparable to an MF membrane 

pore size (0.1µm-10µm). E-beam photolithography techniques can go down to 10nm as the 

smallest feature size, but it is more expensive than microfabrication. Therefore, new techniques 

are required to fill the gap between the properties of a microfluidic membrane and a real 
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membrane. Second challenge is that it is hard to observe fouling at the downsrtream side in a 

dead-end microfiltration for commercial membrane. In general, a membrane is consisting a top 

dense skin layer and a porous support layer beneath the skin layer with fingerlike macrovoides or 

microvoids. Our MMM device thickness (pillar area) is comparable to the top dense skin layer 

zone while the porous support layer can be comparable to the downstream zone. For many 

memebrane literature246–248, the observation of fouling at this porous support layer downstream 

location is either unnoticed or ignored as this was not their primary focus of study. However, we 

can not completely neglect the downstream fouling phenomena for membrane filtration as it has 

significant contribution to the overall membrane fouling. We look forward to more detailed pore-

scale and locational fouling (upstream, pore, downstream) analysis through entire membrane 

thickness in the future. Finally, microfluidic membrane mimic can be used to study biofouling; 

however, the dynamic nature and the viscoelastic behavior of the active components like 

bacteria, make the analysis more complicated. Hence, the efficiency of this system needs to be 

fully understood, primarily, in the case of soft, deformable and permeable colloids.  

Another limitation can be the limited use of PDMS material in MF membrane filtration. Based 

on the outstanding advantages of PDMS, such as chemical inertness, gas permeability, 

mechanical properties, optical transparency, PDMS is mostly used in nanomembranes and 

micro/nanofluidic systems. Various methods as listed in the first chanpter such as conventional 

photolithography, soft lithography, electron beam lithography, micromachining are exptensively 

used for through-hole microfiltration studies. However, PDMS is not popular for microfiltration 

membrane fabrication249.  
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5.3 Future work 

Microfluidic membrane filtration device opens up many future opportunities. This device can be 

used as a model system to investigate certain phenomena under physiologically significant 

conditions that are limited by traditional filtration techniques. For example, the microfluidic 

device has been used to mimic components of the liver 250, lung 251, and heart 252, 253. 

Microfluidic membrane mimic may offer key micro-environmental conditions revealing more 

information about organ functions 254 and vascular circulations 255. Thus, microfluidic membrane 

mimic can serve as an ideal model system for future biomedical research.  

Another example would be to utilize the benefits of selectivity of a membrane on-chip. As 

compared to the conventional filtration processes, a microfluidic membrane mimic better 

protects the microchannel from particulate matter, reduces the unwanted hydrodynamic flow, 

and has more control over sample volume. This device may offer selective separation of liquids 

in pervaporation, selective removal of one component from a gas mixture, which further needs to 

be investigated.  

The membrane-less MF can be explored in many aspects. For example, lipid bilayers production 

was limited to the fabrication in an array format, which can be further explored for pillar shape 

or different geometry. In addition, future work is clearly required to achieve a quantitative 

description of lipid bilayer formation process and the role of media compositions.  

Lastly, the theoretical aspects for the complete understanding of cake layer, pore fouling, 

downstream colloidal aggregation and streamer fouling can be explored further. The theoretical 

part of surface interactions as discussed in the 1st chapter (Section 1.3.1) play an important role 

in understanding fouling layer formation and also on its control using the critical flux 

concepts185. But the major discrepancis between the theory/simulation and experimental results 
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arises due to the fact that the theoretical modelling and numerical simulation does not consider 

the concept of multy-body interactions for colloidal interactions. Also, the membrane surface is 

often represented as a homogeneous surface thus neglecting the phenomena occurring at the 

pore-scale. In this regard, microfluidic/MMM devices allow in-situ fouling observation and 

systematic experiments with well-defined geometry, controlled hydrodynamic and chemical 

conditions. The present work illustrates experimental observations and empirical relations of 

different hydrodynamic and chemical conditioning with various fouling formation (cake layer, 

pore fouling, downstream colloidal aggregation and streamer fouling) at pore-scale. Future 

progresss in modelling and understanding these fouling mechanisms would be the essential first 

step in controlling fouling of real porous materials such as membrane91.  

In conclusion, microfluidic membrane mimic provides an inexpensive and reliable platform that 

can add benefits to the microfluidic research from membrane perspective and vice-versa through 

making a bridge between microfluidics and membrane technology. Colloidal fouling studies in 

chapters 2, 3, and 4 can be extended to a new threshold by using a microfluidic membrane mimic 

device to mitigate membrane fouling, which is a hoped-for goal in membrane science and 

technology.  
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