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Silica fouling in reverse osmosis systems: 

The role of chemical interaction with the membrane surface 
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Supervisor:  Desmond F. Lawler 

Silica fouling of reverse osmosis (RO) membranes occurs by the deposition of 

silica and the subsequent formation of a silica film on the membrane surface. Typically, 

RO membranes are polyamide membranes made of 1,3-benzenediamine (m-

phenylenediamine) and trimesoyl chloride (1,3,5-benzentricarbonyl chloride), having 

carboxyl (-COOH) and amide (-CONH-) functionalized groups. However, understanding 

of silica deposition on the carboxyl/amide functionalized surface of the membrane is still 

unclear. The goal of this study was to advance the understanding of how the chemical 

bonding groups of polyamide membranes are affected by dissolved silicates and how the 

structural change of functionalized groups by silicates consequently influences fouling. 

To achieve this goal, silica fouling tests were carried out by using a crossflow reverse 

osmosis (RO) system, and the membrane coupons were analyzed by X-ray photoelectron 

spectrometer (XPS) and Attenuated total reflection – Fourier transform infrared 

spectroscopy (ATR – FTIR). The XLE membrane mainly used in this study is the fully 

aromatic polyamide membrane, composing of the aromatic/aliphatic (C-C/C-H), amide 

(N-C=O), and carboxyl (O-C=O) group. The silica uptake was accompanied with an 
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increase of oxygen, indicating the formation of SiO2 structure on the membrane surface. 

Due to the concentration polarization effects, highly concentrated silicates had great 

propensity to form a silica gel layer. As a result, a soft gel layer with high water content 

was formed. Then, the accumulated silica gel aged and became a more condensed (SiO2)n 

structure by expelling water molecules. Therefore, the ratio of oxygen to silica (O/Si) of 

condensed (SiO2)n network structure would be close to 2.0. This ratio of membrane 

exposed in a fouling test to oversaturated silica feed water was 1.99, while a similar 

membrane exposed to undersaturated silica feed water was 11.38. After silica deposition, 

the aromatic/aliphatic group decreased significantly and the silicon carbide (Si-C) and 

hydroxyl (C-OH) groups newly appeared. These bonding changes showed that the 

aromatic /aliphatic group partially transformed to the hydroxyl group and the silica 

bonded to the carbon source in the carboxyl group by substituting for the oxygen. The 

carboxyl group decreased as the silica concentration in the feed water increased. 

Interestingly, the decrease of carboxyl group involved the flux decline. The carboxyl 

group came from the hydrolysis of trimesoyl chloride, giving hydrophilicity and 

consequently increasing water permeability. The carboxyl group was not recovered by 

the membrane cleaning. This basic (pH > 10.0) cleaning procedure decreased the ratio of 

O/Si from 11.38 to 1.41, indicating the oxygen lost in the silica deposition. The results of 

this study could contribute to the fundamental understanding to improve antifouling 

property through appropriate surface modifications that can alleviate the deposition of 

silica foulants or prevent the deformation of chemical bonding groups of polyamide 

membranes.
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 Introduction Chapter 1

PROBLEM STATEMENT 

Reverse osmosis (RO) desalination of inland brackish water has been used in 

many regions to meet the demand for high quality water. Despite the high productivity 

and excellent selectivity of RO membranes, their application in desalination has still 

remained limited due to membrane fouling. 

RO membranes can be fouled by inorganic mineral scales, organic 

macromolecules, and the growth of microorganisms (Bonn et al. 2000). Inorganic fouling 

can be caused by the deposition of mineral salts in the membrane system. The most 

common inorganic salts responsible for membrane fouling include calcium carbonate 

(CaCO3), calcium sulfate (CaSO4), barium sulfate (BaSO4), strontium sulfate (SrSO4) and 

silica (SiO2) (Butt et al. 1995; Dalton et al. 2004). While calcium carbonate or calcium 

sulfate are regarded as the primary causes of fouling in brackish water RO desalination, 

other inorganic minerals may also be problematic depending on water quality and 

characteristics. For example, in some areas in Texas, Mexico, Arizona, Hawaii, Puerto 

Rico, southern Europe, and Southeast Asia, the silica content of water supplying for 

industrial uses is very high (50 ~ 100 mg/L as SiO2) (Amjad et al. 1997; Comb 1996). 

The silica concentration in natural waters is normally in the range of 1 ~ 30 mg/L as SiO2 

(Iler 1979). Especially for these areas containing high silica, RO desalination is 

vulnerable to silica fouling. Typically, the prevention of mineral scaling can be achieved 

by the addition of scale inhibitors or antiscalants based on phosphonates (Akyol et al. 

2009; Guo and Severtson 2004; Jones et al. 2003). However, a successful antiscalant for 



 2

the control of silica fouling has not been fully developed (Demadis and Mavredaki 2005; 

Semiat et al. 2003). Membrane performance degraded by silica fouling is not easily 

recovered by simple water flushing or cleaning agents but requires membrane 

replacements (Koo et al. 2001). Due to the abundance of silica in natural water and the 

absence of available chemicals to prevent the fouling, silica is not only a common type of 

foulant but also a serious challenge in RO application.  

Silica fouling on the membrane surface can occur by two different deposition 

processes. The one is a heterogeneous process referred to as a monomeric deposit in 

which monosilicic acid directly deposits on the membrane and probably forms hydrogen 

bonding with functionalized groups of the membrane. The other is a homogeneous 

process referred to as a colloidal deposit, in which the formation of colloidal silica by 

polymerization in the solution is followed by the deposition of colloids on the membrane 

surface (Chan 1989). Silica polymerization and colloidal deposition are regarded as the 

key phenomena in silica fouling and have been extensively studied to understand the 

exact pathway and mechanism of the fouling. However, the monomeric deposit form has 

not received nearly as much attention. Recent research about monomeric and colloidal 

silica deposition on RO membranes shows that these two deposition processes have 

different fouling behavior and different cleaning efficiency. These results indicate that 

keeping low silicates in an undersaturated level is not always safe for the RO system in 

terms of membrane life span and cleaning efficiency (Koo 2001). However, the formation 

of monomeric deposition and the resulting fouling behavior on the RO membrane have 
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not been fully understood. The kinetics of silica nucleation is reported to be greatly 

affected by the surface chemistry of substrate of the membrane (Wallace et al. 2009). 

 

OBJECTIVES 

The main goal of this research is to understand the role of chemical reactions 

between silicates and functionalized carboxyl (-COO-) or carboxyl/amine (-COO-/-NH3+) 

groups of the membrane surface on the silica fouling. This research aimed to address the 

importance of chemical bonding between silica and these functionalized groups on the 

surface of polyamide-based RO membranes during monomeric silica deposition. The 

chemical bonding group of the membrane was affected by silica chemistry and influenced 

the fouling trend. The chemical interactions between silicates and membrane surfaces 

were characterized by analytical surface investigations including X-ray photoelectron 

spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR). The objectives 

of this research are as follows: 

1) Characterize the monomeric and colloidal silica solution,  

2) Elucidate the chemical bonding between silicates and the membrane surface in 

the monomeric and colloidal silica solution, and 

3) Describe the silica fouling process with chemical interactions in the RO 

membrane system. 

 

DISSERTATION STRUCTURE 

This dissertation is organized into the following chapters. 
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Chapter 2 : Literature Review 
o Contains an overview of the silica chemistry and membrane fouling and 

background information on the chemical properties of polyamide RO 

membranes. 

Chapter 3 : Materials and Methods 

o Includes detailed characterization of materials and experimental 

procedures used throughout this research. 

Chapter 4 : Characterize the monomeric and colloidal silica solution [Objective 1] 

o Discusses the silica chemistry in monomeric/colloidal conditions by batch 

experiments and the silica fouling trend by dynamic experiments using 

bench-scale RO unit. 

Chapter 5 : Elucidate the chemical bonding between silicates and membrane surface 

of monomeric and colloidal silica solution [Objective 2] 

o Discusses the influence of silica deposit on the chemical bonding groups 

of the membrane by the analytical surface analysis. 

Chapter 6 : Describe the silica fouling process with chemical interactions in the RO 

system [Objective 3] 

o Discusses the silica fouling trends in the RO system based on the 

chemical interactions.  

Chapter 7 : Conclusions 

o Outlines major findings and conclusions of this research and provides 

recommendations for the development of silica resistant membrane. 
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Chapter 2 Literature review 

In this chapter, background on silica chemistry, deposition process, fouling and 

membranes related to this study are introduced. Literature reviews and the analytical 

surface techniques are also included.   

2.1 SILICA CHEMISTRY 

2.1.1 Silica classification 

In nature, silica (SiO2) exists in several crystalline forms, including in quartz, 

tridymite, cristobalite and chalcedony, and in an amorphous form which lacks crystal 

structure and is metastable relative to quartz (Ning 2002). When silica is dissolved in 

water, it initially forms monosilicic acid (Si(OH)4) and thereafter initiates polymerization 

with hydroxyl (OH) groups. At higher monosilicic acid concentration, it dimerizes to 

form larger polysilicic acid and finally polymerizes to form colloidal silica. Amorphous 

silica is classified into dissolved (reactive), colloidal (unreactive), and particulate 

(suspended) forms (Sheikholeslami and Tan 1999). Dissolved silica refers to reactive 

silica, including monosilicic acid (Si(OH)4), dimeric silicic acid (Si2O(OH)6) and trimeric 

silicic acid (Si3O6(OH)3
3-) which are smaller than colloidal size. However, there is no 

practical method to distinguish each silicic acid in dissolved silica since the 

molybdosilicate method to measure reactive monomeric silica also detects linear dimers 

and cyclic tetramers as monomers (Tanakaa and Takahashib 2001). Therefore, silica 

polymers detected by the molybdosilicate method are regarded as monomers (Icopini et 

al. 2005; Iler 1979). Colloidal silica refers to unreactive silica which includes highly 

polymerized forms larger than 50Å. It has very little charge at low pH and a negative 
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charge in neutral or higher pH. Particulate silica is larger than colloidal size, which is 

usually considered to be above 1 micrometer.  

2.1.2 Silica solubility 

Amorphous silica in water has higher solubility of 100 ~ 140 mg/L as SiO2, while 

crystalline silica has very low solubility in water - 6 mg/L as SiO2 (Sheikholeslami 1999). 

Solubility of amorphous silica is greatly affected by external factors such as pH, 

temperature, and the presence of other metal ions. Silica is rarely or weakly ionized at pH 

values below 8 and mainly exists as monosilicic acid (Si(OH)4) in the range of 100 ~ 140 

mg/L as SiO2 at 25˚C. Above pH 9, monosilicic acid ionizes to monosilicates (SiO(OH)3
-, 

SiO2(OH)2
2-), disilicates (Si2O2(OH)5

-, Si2O3(OH)4
2-) and polysilicates (Iler 1979; 

Okamoto et al. 1957; Sjöberg 1996). The values of pK1 and pK2 for the dissociation of 

monosilicic acid are 9.47 and 12.65 at 25˚C, respectively. Silica solubility of 1500 mg/L 

as SiO2 can be achieved with pH of 11 (Koo 2001). Several studies have reported that the 

solubility of silica is linearly dependent on the temperature (Chan 1989; Marshall and 

Warakomski 1980; Okamoto 1957; Tarutani 1989). The solubility of amorphous silica is 

affected by the presence of salt and decreases in value according to the following order 

(Marshall et al. 1982; Marshall 1980): 

 

Mg2+ > Ca2+ > Sr2+ > Li+ > Na+ > K+  

I- > Br- > Cl-  
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Silica, both soluble and colloidal, can be precipitated with multivalent ions and 

form an insoluble metal complex in alkaline condition. Above pH 9.0, monosilicic acid 

increasingly dissociates into ionized silicates and it favors the precipitation of silicates 

with metal ions such as Ca2+, Mg2+, Mn2+, Fe3+, and Al3+. Based on a thermodynamic 

calculation (Visual Minteq ver. 3.0), it is possible to form a tremolite 

(Ca2Mg5Si8O22(OH)2) or forsterite (Mg2SiO4) or other precipitates. Silica can also be 

adsorbed onto a surface of metal hydroxide such as Al(OH)3, Fe(OH)3, Mn(OH)2 and 

Mg(OH)2. Silica surface becomes negatively charged above approximately pH 3.0. It 

implies that cation adsorption is favored in a high pH condition due to the electrostatic 

interactions. The interaction intensity between silica surface and metal ions show the 

following trend (Sjöberg 1996) : 

 

Fe3+ > Pb2+ > Cu2+ > Cd2+ > Mg2+ > Ca2+ > Ba2+ 

 

However, the complexity of silica polymerization and its pH effects have made it 

difficult to predict the precipitation of silica and the adsorption or precipitation of metal 

silicates. What is known about these reactions is summarized below. 

 

2.1.3 SILICA POLYMERIZATION 

Silica polymerization occurs when the concentration of monosilisic acid exceeds 

the solubility limit of amorphous silica via a condensation reaction. It requires ionized 

SiO(OH)3
- groups and unionized Si(OH)4 groups which implies that the rate of silica 
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polymerization depends on the extent of silica ionization (Iler 1979). At pH below 6, 

virtually all silica is unionized monomeric silica (Si(OH)4). Above pH 10, silica mainly 

exists as ionized silicates (SiO(OH)3
- and SiO2(OH)2

2-). Therefore, the rate of silica 

polymerization is minimal in the range of pH below 6 and also above pH 10 due to the 

absence of ionized silicates and unionized silica, respectively. However, these pH 

conditions are not favorable in RO membrane systems. RO membranes cannot tolerate a 

low pH environment, and ionized silicates are able to precipitate with metal ions to form 

tremolite (Ca2Mg5SiO22(OH)2) or chrysotiles (Mg3(OH)4Si2O5) in high pH environment 

(Demadis et al. 2005; Gabelich et al. 2005; Rocio 2005; Sahachaiyunta et al. 2002; 

Zhang, Xin, et al. 2012).  

Silica polymerization can be explained by SN2 nucleophilic substitution, as 

illustrated in Figure 2.1; a deprotonated silanol group, ≡Si-O-, which is more 

nucleophilic, attacks at the Si center of Si(OH)4 which is more electrophilic and 

simultaneously displaces an OH group. 
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Figure 2.1. SN2 nucleophilic polymerization mechanism (Zhang 2012) 
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Disilicic acid grows to trimers, tetramers, and polymers by subsequent SN2 

nucleophilic polymerization with monosilicic acid, as illustrated in Figure 2.2. Linear 

silicates take on a cyclic form and become internally cross-linked as shown in Figure 2.3. 

The polymer then grows in size by accumulation with new monomers (Coradin and 

Livage 2001; Zhang 2012).  

 

SiSi
OH

OH
O

OH OH

OH
O

-
Si

OH
OH

OH

OH
+ SN2 SiSiSi

OH

OH
OH

O

OH

OH

O

OH

OH

O
-

 

Figure 2.2. Formation of trimeric silicate (Zhang 2012)   
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Figure 2.3. Formation of cyclic trimeric silicate (Zhang 2012) 

 

The rate of silica polymerization takes the form; 

 

  Eq. 1 
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Where C and Ce are monomer concentrations in solution at any time and the 

solution concentration that would be in equilibrium with the solid phase, respectively. k 

and n are the reaction constant and reaction order, respectively. Determination of the 

reaction order is complicated by an induction period (the time it takes for precipitation to 

be initiated) which is greatly affected by the degree of silica supersaturation, pH, ionic 

strength, and temperature. The induction period decreases with increasing degree of 

supersaturation with respect to silica, increasing ionic strength, decreasing temperature, 

and approaching toward neutral pH (Chan 1989; Goto 1956; Iler 1979; Marshall 1980; 

Rothbaum et al. 1979). Many studies have reported on the reaction order with values 

ranging from 1 to 8 (Conrad et al. 2007; Goto 1956; Rothbaum 1979); this large range 

indicates that the process of silica polymerization is not well characterized.  

Polymeric additives such as polyamidoamine (PAMAM) dendrimers with 

copolymer (acrylamide-acrylate) or adipic acid/ amine-terminated polyethers/ 

diethylenetriamine copolymer (AA/AT/DE) with polyepoxysuccinic acid (PESA) have 

been reported to be a successful inhibitor of silica polymerization (Demadis 2005; 

Neofotistou and Demadis 2004; Zhang, Sun, et al. 2012).  

 

2.2 RO MEMBRANE FOULING 

2.2.1 Foulants  

Membrane fouling refers to a decline in permeate flux due to the accumulation of 

rejected constituents on the membrane surface (Bartman et al. 2011; Zhu et al. 1995). 

Fouling in high pressure membrane systems can be classified into inorganic fouling by 
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precipitation of mineral salts, colloidal fouling by accumulation of colloidal (and larger 

particulate) matter, organic fouling by deposition of organic macromolecules, and 

biofouling by microorganisms on the membrane (Tang et al. 2011). 

Inorganic fouling, referred to as precipitation or scaling, is caused by formation of 

mineral deposits on the membrane due to the supersaturated feed water (Zhuravlev 2000). 

The most common mineral salts responsible for inorganic fouling are calcium carbonate 

(CaCO3), calcium sulfate (CaSO4), barium sulfate (BaSO4), and silica (SiO2) 

(Rahardianto et al. 2007). Flux decline caused by inorganic foulants in non-porous 

membranes such as RO cannot be recovered by backwashing; instead, the membrane 

must be replaced or cleaned by chemical agents (Koo 2001). Inorganic fouling can be 

mitigated by appropriate pretreatment according to the feed water characteristics. The 

most common scale mitigation methods are coagulation, softening, and antiscalant 

addition (Gabelich et al. 2007; Greenlee et al. 2010; Sheikholeslami and Bright 2002; 

Zhang 2012). 

Colloidal fouling is caused by accumulation of colloids in the vicinity of the 

membrane surface and adsorption onto the membrane surface. Deposited foulants form a 

cake layer imposing an additional resistance to permeate flow though the membrane and 

causing a substantial decline in permeate flux (Elimelech 1994). Colloidal fouling is 

greatly influenced by physicochemical factors including membrane morphology, feed 

water chemistry, and hydrodynamic conditions (Childress and Elimelech 1996; 

Vrijenhoek et al. 2001).  
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2.2.2 Silica fouling in RO membrane 

Silica fouling occurs when dissolved silica exceeds its solubility limits and forms 

precipitates alone or with other metal ions or colloids on the membrane surface (Ning 

2002; Sheikholeslami 1999). Typically, the polymerization of silica in supersaturated 

solution and the deposition of polymerized colloidal or gel-like silica are considered as 

key phenomena in silica fouling. The deposition of silica on the membrane is achieved by 

heterogeneous and homogeneous processes. The heterogeneous process, referred to as 

monomeric deposit, occurs when monosilicic acid directly deposits on the membrane. 

The homogeneous process, referred to as colloidal deposit, arises when silica is 

polymerized in the bulk solution due to the supersaturation and then silica aggregates 

deposit on the membrane (Chan 1989; Sheikholeslami 2002). For monomeric deposition, 

monosilicic acid reacts with OH groups on the membrane surface which is functionalized 

with carboxyl (-COO-) or carboxyl-amine (-COO-/-NH3
+) groups and forms an 

impervious glass-like film. Once deposited, it is extremely difficult to remove the deposit 

layer without damaging the membrane. For colloidal deposition, monosilicic acid first 

polymerizes with other ionized silicates and then forms a cake layer which is more 

porous and relatively easily removed by hydraulic pressure, unlike a monomeric deposit 

(Koo 2001; Lisitsin et al. 2005; Sheikholeslami and Zhou 2000; Weng 1995). Colloidal 

silica fouling in RO membranes is reported to involve the inter-relationship between 

physical (permeation drag, surface roughness, etc.) and chemical (surface charge, ionic 

strength, pH, etc.) factors (Elimelech et al. 1997; Tang 2011; Zhu and Elimelech 1997); 

these interactions affect the surface energies in terms of DLVO theory which considers 
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van der Waals (LW) and electrostatic (EL) interaction (Brant 2004; Brant and Childress 

2002).  

Typically, silica fouling studies have focused on colloidal deposition, or in other 

words, when the solution is supersaturated with respect to amorphous silica. Even though 

the silica concentration in natural water is undersaturated except in some special cases 

such as some heat exchangers, few researchers have paid significant attention to 

monomeric deposition or undersaturated silica condition. Sheikholeslami’s research 

group reported that monomeric and colloidal silica fouling, which is mainly attributed to 

the degree of supersaturation with respect to silica, showed different scale structures and 

membrane performance in terms of flux decline trend. For monomeric silica fouling, 

monosilicic acid directly reacted with the membrane surface, forming an impervious 

glass-like layer due to the concentration polarization effect. On the other hand, for 

colloidal silica fouling, a more porous deposit layer was formed on the membrane, and 

the permeate flux declined more gradually than with monomeric silica fouling (Koo 

2001; Sheikholeslami 1999, 2000).  

The surface chemistry of the membrane (and not only silica) also plays an 

important role in silica fouling. It is reported that polyamide (PA) membrane 

functionalized with carboxylate (-COO-) or carboxylate/amine (-COO-/NH3
+) groups has 

a lower flux recovery after silica fouling than cellulous acetate (CA) membranes (Mi and 

Elimelech 2013). Amine and carboxyl (NH3
+/-COO-) terminated surfaces are reported to 

promote silica nucleation 18 times faster than carboxyl (-COO-) terminated surfaces 

(Wallace 2009).  
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Silica fouling is also greatly affected not only by internal factors such as solution 

chemistry, membrane properties, and module geometry (Braun et al. 2010; Nishida et al. 

2009; Patwardhan et al. 2011; Sheikholeslami 2004) but also by external factors such as 

operating conditions like membrane pressure, crossflow velocity, and permeate rate 

(Gallup and Barcelon 2005; Rimer et al. 2007; Yu et al. 2005). The fouling propensity is 

reported to increase with decreasing crossflow velocity and increasing applied pressure 

and permeate rate; all three of these factors are likely to increase the degree of 

concentration polarization (the ratio of the concentration at the membrane surface to that 

of the bulk solution).  

Silica fouling can be mitigated by 1) establishing appropriate pretreatment to 

remove silicates (Al-Mutaz and Al-Anezi 2004; Gilron et al. 2005; Ma et al. 2007; 

Sahachaiyunta 2002; Sanciolo et al. 2014), 2) using antiscalant/inhibitors to prevent or 

retard silica polymerization (Demadis and Stathoulopoulou 2006; Zhang 2012), 3) 

acidifying the feed water (acid cleaning agents) (Braun 2010; Rahardianto 2007), and 4) 

hybrid operating (Gabelich et al. 2011; Rahardianto 2007; Salvador Cob et al. 2014; 

Sanciolo 2014). Lime softening is widely used for the pretreatment technique of silica 

removal; however, it can cause precipitation with calcium or magnesium due to increased 

pH condition and form additional flocculants in actual field operations. Several 

researchers proposed some hybrid systems such as two stage RO processes which is 

composed of a primary RO, accelerated precipitation softening, and a secondary RO or a 

cation exchange (CIEX) resin prior to the second RO system to achieve high water 

recovery. Some copolymers such as PAMAM or AA/AT/DE are reported to be 
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successful in inhibiting silica polymerization, although there is no field study to apply 

those copolymers in actual RO membrane system to show the effectiveness of inhibitors. 

Acid cleaning agents should be carefully used, especially with RO membranes that are 

very sensitive to acid condition.  

 

2.3 POLYAMIDE MEMBRANE  

2.3.1 Membrane structure 

Most polyamide membranes consist of three layers: a polyester support web, a 

microporous polysulfone interlayer, and a thin polyamide barrier layer on the top surface 

(Petersen 1993). Typically, the thickness of the polyamide top layer is 0.1 ~ 0.3 μm, the 

polysulfone layer is 20 ~ 100 μm, and the non-woven fabric layer (polyester support 

layer) is over 100 μm.  

The active barrier layer can be made of fully aromatic polyamide consisting of 1,3-

benzenediamine (m-phenylenediamine) and trimesoyl chloride (1,3,5-benzentricarbonyl 

chloride) (Petersen 1993). As shown in Figure 2.4, the fully aromatic amide membranes 

contain carboxyl (-COOH) and amine (-NH2) functional groups on the surface. At low 

pH, the membrane surface is positively charged due to the protonation of amine group 

from -NH2 to -NH3
+. At high pH, the deprotonation of carboxyl group from -COOH to -

COO- gives rise to an overall positive surface charge (Elimelech et al. 1994). The 

isoelectric point at which there is no net surface charge is in the range of pH 3 to 5 

(Childress 1996; Huang et al. 2010). Thus, the polyamide membranes have a slightly 

negative or negative charge at normal pH condition (pH 6 ~ 7). The fully aromatic 
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polyamide membranes have rough and ridge-and-valleys surfaces with an average surface 

roughness of 100 nm. The rough surface of polyamide membrane is inherent in 

interfacially polymerized and highly crosslinked polyamides. To enhance the membrane 

performance, a neutral hydrophilic coating can be applied on fully aromatic polyamide 

membrane as post-treatment. The application of a hydrophilic coating affects the 

membrane performance by improving hydrophilicity, smoothing the membrane surface, 

and reducing the surface charge (Tang et al. 2009b). Among the hydrophilic monomers 

for surface modification, poly (ethylene glycol) (PEG) and its derivatives are reported to 

have an extraordinary antifouling ability (Kang et al. 2011; Van Wagner et al. 2011).  

Alternatively, piperazinamide (semi-aromatic poly) can be used in an active barrier 

layer with trimesoyl chloride to produce semi-aromatic polyamide membranes, as shown 

in Figure 2.5. The semi-aromatic polyamide membranes have higher flux and lower 

rejection than fully aromatic polyamide membranes and are mostly used in nanofilitration 

(NF) membranes (Vrijenhoek 2001).  
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Figure 2.5. Semi-aromatic amide structure 

 

2.3.2 Membrane properties and performance 

The polyamide layer is the most critical to the membrane performance. The 

permeability (water flux), selectivity (salt rejection), and fouling behavior are dependent 
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on the physiochemical properties of polyamide layer. The surface charge (zeta potential) 

of the membrane affects the water flux and fouling. The water flux and salt rejection were 

maximized at the pore isoelectric point (~ pH 5) for an nanofiltration membrane 

(Childress and Elimelech 2000). Neutral pH conditions (~ pH 7) tended to cause less 

fouling (Bartells et al. 2005; Hong and Elimelech 1997; Zhu 1997). The morphology of 

the membrane has a marked effect on colloidal fouling tendency and water flux. The 

rough membranes were more prone to fouling than smooth membranes (Elimelech 1997; 

Vrijenhoek 2001). Approximately, the nearly linear relationship between the surface 

roughness and permeate flux resulted from enlargement of the effective membrane area 

due to the roughness (Hirose et al. 1996; Kwak et al. 1997). The hydrophilic surfaces are 

known to be fouled less than hydrophobic surfaces (Ho and Sirkar 1992). Hydrophilic 

cellulose acetate membranes were less fouled than hydrophobic acrylic copolymer 

membranes (Louie et al. 2006; Sagle et al. 2009).  

 

2.4 SURFACE CHARACTERIZATION 

2.4.1 X-ray photoelectron spectroscopy (XPS) 

XPS (X-ray photoelectron spectroscopy) has been widely used as a surface 

characterization method due to the broad application of materials and quantitative 

information of samples. Information such as elemental composition, chemical states, 

depth profile, and thickness of thin films is especially useful in thin film research. The 

fundamental process is based on the photoelectron effect. Irradiating a sample with X-

rays (commonly Al Kα or Mg Kα) results in electrons in specific bound states to be 
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excited. When an x-ray photon hits and transfers this energy to a core electron, it is 

emitted as a photoelectron. The energy of the emitted photoelectrons is measured by an 

electron energy analyzer. This process can be expressed by the following Equation 2: 

 

  Eq. 2 

 

Where BE is the binding energy of the electron in the atom, hν is the photon 

energy of X-ray source, KE is the kinetic energy of the emitted electron, and φ is the 

spectrometer work function. 

For XPS analysis, Al Kα (1486.6 eV) or Mg Kα (1253.6 eV) is typically chosen 

as the X-ray source. The photoelectron energy emitted from the sample gives a spectrum 

with a series of photoelectron peaks. The binding energy of the peaks are characteristic of 

each element. The peak areas can be used to determine the composition of the samples. 

XPS can identify all elements except H and He. The information of elemental 

composition can be obtained from the survey scan. The detailed chemical binding 

information can be calculated by peak fitting from the narrow scan spectra. This 

calculation is based on the integrated area under the assigned element peak and the 

sensitivity factor for each element (Fairley 2009).  

The polyamide layer of composite membranes is formed by an interfacial 

polymerization of amine monomers and aromatic acid chloride monomers. Both amine 

and acid chloride monomers are aromatic and the triple -COCl groups in trimesoyl 

chloride (1,3,5-benzentricarbonyl chloride) allows the aromatic polyamide membrane to 
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be highly crosslinked. The molecular formulae for fully cross-linked and fully linear 

polyamide layer are C6H4ON and C15H10O4N2, respectively (Tang et al. 2007). The 

theoretical O/N ratio is 1.0 when the polyamide layer is fully crosslinked. This ratio is 2.0 

for the fully linear polyamide layer with no crosslinking. The hydrogen is not able to be 

detected by XPS. Therefore, the theoretical elemental compositions of the fully cross-

linked polyamide membrane are 12.5% Nitrogen, 12.5% Oxygen, and 75% Carbon. The 

high resolution XPS scans for C 1s provide information on the chemical bonding by 

estimating the binding energy shift (δBE). A positive energy shift indicates the element is 

bonded to electron withdrawing atoms (such as O, Cl, and F). The peak without a binding 

energy shift might be assigned to aromatic and aliphatic carbons with no adjacent 

electron withdrawing groups (Benavente and Vázquez 2004). 

  

2.4.2 Attenuated total reflection – Fourier transform infrared spectroscopy (ATR 
– FTIR) 

Organic molecules absorb electromagnetic radiation of frequency ranging from 

100 to 10,000 cm-1 and convert it into energies of molecular vibrations, including 

stretching vibration and deformation (bending) vibration. The frequency of absorption is 

determined by the vibrational energy gap. The intensity of absorption is related to the 

change of dipole moment and the transition of energy levels, which is based on Beer-

Lambert equation (Equation 3): 
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A a ∙ b ∙ c log log  

Eq. 3 

 

Where A is the absorbance, a is the absorptivity, b is the solution path length, and 

c is the concentration of solute. T is the transmittance, I0 is the intensity of the incident 

radiation, and I1 is the intensity of the radiation transmitted through the sample. The 

chemical nature of the organic molecules can be obtained from the frequency of the 

absorption band and the concentration can be derived from the intensity of the peak.  

While XPS is a highly surface sensitive technique (sampling depth from 1 ~ 5 

nm), ATR-FTIR is much more surface sensitive with a penetration depth around 200 nm 

over 4000 ~ 2600 cm-1. The signals are contributed predominantly by the polyamide layer 

and additional coating layer. The penetration depth greater than 300 nm (at wave 

numbers lower than 2000 cm-1) corresponds to both the polyamide layer and polysulfone 

layer. The high wave number region of FTIR is ideal to analyze the top of polyamide 

layer, while the lower wave number region is suitable to study the polyamide layer and 

polysulfone layer. The peaks for the fully aromatic polyamide layer are in the wave 

number range of 1700 cm-1 to 1500 cm-1. The peaks assigned to the polysulfone layer are 

in the wave number range of 1600 cm-1 to 800 cm-1.  
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Chapter 3 Materials and Methods 

3.1. MEMBRANES 

The commercial flat-sheet polyamide reverse osmosis membranes manufactured by 

Dow Water & Process Solutions (FilmtechTM) were used in this research. XLE and 

BW30 membranes are brackish water reverse osmosis (RO) membranes, while NF270 is 

a nanofiltration (NF) membrane.  All three membranes have the same basic chemical as 

shown in Figure 3.1, with slight changes in polymerization additives. The chemical 

structure of general polyamide membrane has both amine (-NH3
+) and carboxylate (-

COO-) end groups.  

 

NH
NH2

O

NH

O

O

NH

O

OH O

O

 

Figure 3.1. Structure of polyamide membrane 

 

The XLE membrane is designed for low pressure operation, having 53.9 L/m2hr 

permeate flux and 99.0 % salt rejection in 2,000 ppm NaCl, 125 psi (8.6 bar) pressure, 

and pH 8 conditions. The BW30 membrane has a special coating layer on the polyamide 

layer to improve membrane performance and is mainly used in light industrial 

applications. The BW30 membrane delivers 52.7 L/m2hr permeate flux and 99.5 % salt 
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rejection in 2,000 ppm NaCl and 150 psi (10.3 bar) pressure at 25 ˚C. The NF270 is a 

type of semi-aromatic polyamide membrane based on the piperazinamide and classified 

as a nanofiltration (NF) membrane. With 2,000 ppm MgSO4 and 25 ˚C conditions, the 

permeate flux is 51.3 L/m2hr and the salt rejection is over 97.0 %.  Detailed membrane 

specifications are given in Table 3.1.  

 

Table 3.1. Membrane performance specifications 

 XLE BW30 NF270 

Classification RO RO NF 

Permeate flux, (L/m2hr) 53.86 52.66 51.28 

Applied pressure, psi (bar) 125 (8.6) 150 (10.3) 70 (4.8) 

Salt rejection, % 99.0 99.5 > 97.0 

 % with 2000 ppm NaCl % with 2000 ppm MgSO4 

 

For all dry flat-sheet membranes manufactured by Dow Water & Process Solutions 

(FilmtechTM), glycerin was applied to prevent collapse of the membrane structure during 

shipment and storage. To remove glycerin, all membranes were soaked in 25% (v/v) 

aqueous isopropanol (IPA) solution for 20 minutes and stored in MilliQ water prior to 

use. 
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3.2. BATCH EXPERIMENTS 

3.2.1. Determination of molybdate reactive silica 

The silicomolybdate method for silica analysis is based on the principle that 

ammonium molybdate reacts only with reactive (soluble) silica, which includes 

monomeric (H4SiO4), dimeric (H6Si2O7), and possibly trimeric (H8Si3O10) silica, and 

forms the yellow silicomolybdic acid.  

 

 7 84 7  Eq. 4 

 

Oxalic acid was added to destroy molybdophosphoric acid, leaving the 

silicomolybdate complex intact and to eliminate any color interference from phosphate. 

All silicate samples filtered through 0.22 µm pore sized syringe filter were diluted to 

25 mL in the cells. 0.5 mL of 1+1 HCl and 1 mL of 100 g/L ammonium molybdate 

solution were added to the sample, and the mixed solution was left for 10 min. The ten-

minutes wait was a critical procedure to measure only monosilicic acid, since only 

dimeric silicic acid can be hydrolyzed to form detectable monosilicic acid within this 10 

min; longer delays would allow larger oligomers to be depolymerized. After 10 min, 1 

mL of oxalic acid was added to the diluted sample and the absorbance was measured at 

452 nm using an UV spectrometer (Detailed standard curves are in Appendix A). 
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3.2.2. Silica polymerization tests 

All batch tests for silica polymerization were conducted with 500 mL solution in 

high-density polyethylene container (VWR Laboratory) to avoid any silica leaching out 

from the container. The stock solution of aqueous silica (1,000 ppm) was prepared by 

dissolving 4.73 g of disodium metasilicate nonahydrate (Na2SiO3·9H2O, Acros organics) 

in 1 L deionized water. To prepare experimental silica solutions, silica stock solution was 

added to MilliQ water and the pH was adjusted to desired value by adding HCl or NaOH. 

Then, the solution was diluted to 500 mL and the pH value was measured again. The 

silica and other metal (i.e., calcium and magnesium, when included in the test) 

concentrations were monitored during batch experiments. UV spectrophotometer was 

used to measure the dissolved silica and Inductively Coupled Plasma – Atomic Emission 

spectroscopy (ICP-AES) was used to measure the total silica and other metals. 

 

3.2.3. Membrane soaking tests 

Membranes were vertically placed in polyethylene containers and soaked in silica 

solution. These containers were shaken in the tumbler continuously to prevent any 

deposition on the membrane surface by gravity. After 3 days soaking, all membrane 

coupons were gently rinsed with MilliQ water and stored in glass bottle filled with MilliQ 

water for surface analysis. The size of each membrane coupon was 12 x 15 cm2. All stock 

preparations including silica and other metals were the same as in the kinetic experiments 

described in Section 3.2.2. 
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3.3. DYNAMIC EXPERIMENTS 

3.3.1. Crossflow system 

All fouling experiments were conducted using a crossflow filtration system (Separation 

(Separation System Technology, San Diego, CA) shown in  

Figure 3.2. This system consists of three stainless steel membrane cells connected 

in series to a 45L polyethylene feed tank, a displacement pump, a pulsation dampener 

(Hydra Cell, Wanner Engineering Inc., Minneapolis, MN), a back-pressure regulator, 

bypass valves (Swagelok, Solon, OH), a pressure gauge (WIKA Instrument Corp., 

Lawrenceville, GA), and flow meter (King Instrument Company, Garden Grove, CA). 

The feed temperature was maintained at 25-26˚C by circulating chilled water from a 

refrigerated bath (Thermo Neslab RTE Digital One Refrigerated Bath, Thermo Fisher 

Scientific, Inc., Waltham, MA) through a stainless-steel coil in the feed tank. The 

pressure was set with a backpressure regulator (HydraCell, Minneapolis, MN). The cross 

flow was adjusted with a needle valve. The active area of each membrane cell was 1.9 x 

10-3 m2 and the geometry of flow channel was 76 mm long x 25 mm wide x 3 mm deep. 

The permeate mass from the membrane cell was collected in a sealed beaker on a balance 

connected to a LabView data acquisition program (National Instruments, Austin, TX) for 

continuous flux monitoring. Only the retentate (concentrate) stream was recycled back to 

the feed tank and collected permeate was not recycled but discharged. This scheme 

means that the feed water constantly increases in concentration of the constituents. The 

permeate flux, Jw, was calculated as follows: 
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∆

 
Eq. 5 

 

where Jw is the permeate water flux, ΔM is the mass of collected permeate during 

a filtration time of Δt, ρw is the density of water, and A is the effective area of the 

membrane.  
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Figure 3.2. Schematic diagram of crossflow system 

 

The feed pH was monitored using a portable pH meter (Accumet Research AR25 

Dual Channel pH/Ion Meter, Fisher Scientific, Pittsburgh, PA). The portable conductivity 

meter (Oakton CON 110 Advanced Meter, Fisher Scientific, Pittsburg, PA) was used to 

determine the salt rejection (%) by measuring ion concentration. 
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3.3.2. Fouling tests 

All fouling tests were conducted using the crossflow RO system described in the 

previous section. The test procedure consisted of membrane conditioning, solution 

mixing, actual run, and system cleaning as illustrated in Figure 3.3. The preconditioning 

of the new membrane was necessary to stabilize the permeate flux. The conditioning 

operation was performed with MilliQ water for 1.5 ~ 2 hours before actual run. During 

the mixing procedure with foulant (SiO2), the pressure and flow rate were reduced to 50 

psi (3.45 bar) and 2.1 L/min to avoid any pre-fouling by highly concentrated silica or 

other metals stock solutions. The stock solutions of foulants were added to the feed water 

and mixed for 30 minutes for fully mixing. Then, the actual run was carried out with 

specified experimental conditions (150 ~ 200 psi pressure and 3.0 L/min flow rate). For 

each actual run, the samples of permeate and retentate (concentrate) were collected for 

the chemical analysis (concentration, pH, and conductivity etc.). Initial flux (J0) was 

defined as the measured flux at the end of the preconditioning. After each actual run, the 

crossflow system was cleaned with acid and base solutions. An acid cleaning solution 

with 0.5 % (w) of hydrochloric acid (HCl) acid (feed pH ~ 2.5) was circulated for one 

hour to remove inorganic scales and metal oxides/hydroxides and to disinfect the system. 

Then, the system was cleaned with a basic solution with 0.1 % (w) sodium hydroxide 

(NaOH) targeting the pH above 10.0 for 30 minutes. After acid and base cleaning, the 

system was rinsed with MilliQ water for 15 minutes.  
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Figure 3.3. Fouling test procedure 

 

3.4. SURFACE ANALYSIS 

3.4.1. XPS analysis 

All membrane samples for XPS analysis were extensively rinsed and soaked in 

MilliQ water. Before XPS measurement, all membrane coupons were dried in a vacuum 

overnight. In this study, analytical surface analyses were carried out to investigate the 

surface change and silica deposit layer of the polyamide membrane.  To avoid any 

changes in silica deposit layer associated with drying procedure in XPS and FTIR 

measurements, it is often recommended to compare wet samples and dry samples. 

However, in this study, only dry samples were tested in XPS and FTIR analyses, and so 

there is some possibility that the results were influenced by the drying procedure.  

1.Conditioning 

2.Mixing 

3.Fouling test 4.Cleaning 

J0 
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All XPS analyses were performed using an AXIS Ultra DLD XPS (Kratos 

Analytical Company, Chestnut Ridge, NY) equipped with a monochromatic Al Kα1,2 x-

ray source (2 x 10-9 Torr chamber pressure, 15 kV, 150 W). For survey scans to obtain 

the chemical composition of membranes, three survey scans sweeping over 0 ~ 1300 eV 

electron binding energy with a resolution of 1 eV were averaged. Narrow scans were 

performed to obtain detailed chemical bonding information of membranes. These high-

resolution scans were performed by averaging 4 scans for C 1s peak from 275 eV to 295 

eV with a resolution of 0.1 eV. For all measurements, a 300 x 700 μm area was analyzed. 

A charge neutralizer was used to minimize sample charging. XPS spectra were analyzed 

with CasaXPS software (Casa Software Ltd.) for the peak calculation of elements and 

specified chemical bondings. 

 

3.4.2. ATR – FTIR analysis 

Attenuated total reflection – Fourier transform infrared spectroscopy (ATR – 

FTIR) was used to characterize the structure of polyamide layer as well as polysulfone 

layer and support the results of chemical information by XPS analysis. All membrane 

samples were cleaned and dried as described in Section 3.4.1. FTIR analysis was 

performed using a Magna 550 Fourier transform infrared (FTIR) spectrometer (Thermo 

Electron Corp., Madison, WI). This spectrometer has a liquid nitrogen cooled narrow 

band HgCdTe (MCT) detector equipped with two attenuated total reflection (ATR) cells 

with ZnSe crystal (Madison, WI) and Ge ATR Germanium crystal. Spectra were obtained 
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by averaging 128 scans at resolution 4 and analyzed with Omnic software (Thermo 

Fisher Scientific).  
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Chapter 4 Characterizing the silica chemistry and interactions with 

membranes  

The main objective of this research is to understand the chemical interactions 

between silicates and the membrane surface and thereby to explain the RO silica fouling 

process with surface chemical interactions. To achieve this goal, chemical properties of 

monomeric and colloidal silica should be characterized. 

The polymerization of silica, the key reaction to produce colloidal silica from 

monomeric silica (monosilicic acid) in supersaturated solutions, and deposition of 

monomeric and colloidal silica on the membrane were studied in batch and dynamic 

experiments. For batch experiments, the kinetics of silica polymerization under various 

conditions were investigated to understand the fundamental characteristics of silica 

chemistry. Undersaturated silica was examined to compare with the silica chemistry in 

oversaturated conditions. The effect of experimental conditions on the silica chemistry 

was investigated. The adsorption of silica onto the membrane was studied by soaking the 

membrane coupons in the silica solution. For dynamic tests, the propensity of silica 

fouling by monomeric and colloidal deposit was examined using the crossflow RO 

system. The effects of silica on flux decline were monitored and the effect of hardness on 

silica fouling was investigated. 
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4.1. BATCH EXPERIMENTS 

4.1.1. Kinetics of silica polymerization 

Silica polymerization can occur via SN2 nucleophilic mechanism where the 

monosilicic acid reacts with ionized silicates such as SiO(OH)3
-, SiO2(OH)2

2-, or silicate 

polymers, causing the decline of monosilicic acid. The rate of silica polymerization in a 

batch reactor takes the form: 

 

 
 

Eq. 6 

 

where, C and Ce are the instantaneous concentrations of monosilicic acid in 

solution and the solution concentration in equilibrium with the solid phase at the 

temperature of the experiment. k and n are the rate constant and reaction order, 

respectively. Equation 6 can be integrated and written as Equation 7 (Mustafa 2007); a 

detailed derivation is in Appendix B; 

 

 

1
 

Eq. 7 

 

The reaction order and rate constant (n and k parameters) can be obtained by 

nonlinear regression using Excel Solver for any experiment for which a series of Ct 

values are determined and Co and Ce are known. The total silica is the sum of dissolved 

(reactive) silica and colloidal (unreactive) silica. The concentration of dissolved silica can 
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be measured by the silicomolybdate method using UV spectrophotometer, but there is no 

way to measure the concentration of colloidal silica directly. Therefore, the concentration 

of colloidal silica was calculated as the difference between total silica by ICP-AES and 

dissolved silica by UV spectrophotometer. This kinetic experiment was carried out at pH 

7.5 and 25˚C. 

At pH 7.5, 99.544% of the total soluble silica is present as unionized silica, 

Si(OH)4, and the remaining 0.456% is present as ionized silica, SiO(OH)3
-. The results in 

Figure 4.1 (a) indicated that no colloidal silica was detected for undersaturated solutions 

(10, 50, and 100 mg/L as SiO2), implying no silica polymerization occurred under these 

conditions. For supersaturated solutions (300 and 500 mg/L as SiO2), as shown in Figure 

4.1 (b), the dissolved silica concentrations decreased rapidly and approached a steady 

state value (~ 130 mg/L as SiO2), representing the equilibrium concentration, Ce, whereas 

the total silica concentrations remained unchanged. This result implied that the dissolved 

(reactive) silica converted to colloidal form. The dissociated silanol (O-) of dimer 

(Si2O2(OH)5
-) is a stronger nucleophilic group than those of monomer (SiO(OH)3

-). In 

contrast, Si of monosilicic acid (Si(OH)4) is a stronger electrophile than those in the 

dimer (Si2O2(OH)5
-). Once produced, the reaction of the dimer (Si2O2(OH)5

-) with 

monosilicic acid (Si(OH)4) takes precedence over the reaction of monomer (SiO(OH)3
-) 

with monosilicic acid (Si(OH)4). The reaction to yield a dimer is kinetically slow, 

whereas the reactions to produce trimers, tetramers, and polymeric species are very rapid. 

Because of this mechanism of silica polymerization, the length of time to reach an 

equilibrium concentration decreased with higher total silica concentration. 500 mg/L as 
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SiO2 solution took 39 hr to reach the equilibrium concentration of 122 mg/L as SiO2, 

while 300 mg/L as SiO2 solution took 87 hr to reach the equilibrium concentration of 134 

mg/L as SiO2. Equation 5 was used to determine n and k values for supersaturated 

solutions, and calculated data based on estimated n and k values were plotted in Figure 

4.1 (b). The reaction orders of 300 and 500 mg/L as SiO2 solution were 2nd order and 

reaction rates were 0.0968 and 0.9967 L/mgh, respectively (R2 = 0.93 and 0.91). 

However, the determination of the reaction order and constant is complicated. The 

polymerization of silica is greatly affected by the degree of supersaturation (C0) and too 

complex to be fully dealt with by the simple assumption (in Equation 6). Several authors 

disagree about the reaction order and rate constant (Chan 1989; Conrad 2007; Rothbaum 

1979), and it also has been reported to be changing from 1 to 5 during the polymerization 

of silica (Baumann 1959). More calculations investigating the fitting of the rate equation 

with the experimental results are in Appendix B. 
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Figure 4.1. Silica polymerization of (a) undersaturated solution and (b) supersaturated 
solution (T and D represent the total and dissolved silica, respectively and 
theo represents the calculated data.) 
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4.1.2. Effect of cations on silica polymerization 

Batch experiments were carried out to investigate the effects of cations on silica 

polymerization. Table 4.1 shows the test condition of each test. All tests were performed 

at pH 6.5 to prevent precipitation of silica with cations.  

 

Table 4.1. Test conditions of silica polymerization with cations 

 
Concentration 

SiO2, mg/L as SiO2 200 200 200 500 500 500 

Ca, mg/L as CaCO3 - 200 450 - 200 450 

Mg, mg/L as CaCO3 - 150 400 - 150 400 

Total hardness, mg/L as CaCO3 - 350 850 - 350 850 

pH 6.5 

 

Although the solution of 200 mg/L as SiO2 is slightly oversaturated, all solutions 

were metastable, implying no polymerization occurred as shown in Figure 4.2 (a). The 

hardness did not affect the metastability of the solutions. For supersaturated solutions of 

500 mg/L as SiO2 with hardness in the range of 0 ~ 850 mg/L as CaCO3, the dissolved 

silica polymerized very rapidly. It is reported that the presence of cations such as Ca2+ or 

Mg2+ catalyzes the silica polymerization, while not participating in the precipitation 

(Sheikholeslami et al. 2001; Sheikholeslami 1999). Despite the catalytic effect of cations 

reported from other research, the rate of silica polymerization was not significantly 

affected by hardness due to very rapid conversion of the dissolved silica to colloidal form 
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in this experiment. The concentration of dissolved silica dropped under 200 mg/L as SiO2 

after 6 hours and reached the equilibrium value within 24 hours. Figure 4.2 (b) showed 

that the concentration of total silica and hardness were unchanged during tests. That 

result supported the idea that the cations did not precipitate with silica in the solutions. 

The reaction order of 500 mg/L as SiO2 solutions based on Equation 7 were 4th order and 

calculated reaction rates were in the range of 9.514 ~ 10.6 L3/mg3hr. 
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Figure 4.2. Effect of hardness on (a) the dissolved silica concentration and (b) the total 
silica concentration (H and T represent the hardness concentration, mg/L as 
CaCO3 and the total silica concentration, mg/L as SiO2, respectively.) 
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4.1.3. Silica adsorption onto the membrane surface 

Due to the unique surface chemistry of silica at various degrees of supersaturation 

or pH conditions, the silica deposit onto the membrane is affected by the bonding forces 

between the silica deposit layer and membrane surface. Experiments were carried out to 

investigate the silica adsorption on the membrane by chemical interactions between silica 

and membrane surfaces at various conditions. Polyamide (PA) RO membrane coupons 

(BW30, Dow FilmtechTM) were vertically placed and soaked in the silica solutions, and 

the silica concentrations were observed over time. The adsorbed silica concentration onto 

the membrane was indirectly calculated by the difference of total silica concentrations 

during test. 

As presented in Figure 4.3 (a), undersaturated silica solutions (50 and 100 mg/L 

as SiO2) at pH 6.5 showed no change of dissolved silica concentrations, meaning that 

neither adsorption nor polymerization of the silica occurred to any significant extent. 

However, additional surface analysis might reveal some minor adsorption of silica onto 

the membrane. For supersaturated silica solutions of 300 mg/L as SiO2 (shown in Figure 

4.3 (b)), the colloidal silica of 130 mg/L as SiO2 was formed after 48 hr in both the blank 

(silica only) solution and the membrane soaked silica solution. However, neither the 

dissolved silica (Si(OH)4) nor the formed colloidal silica were adsorbed onto the 

membrane surfaces. At pH 6.5, the surface of colloidal silica has negative charge due to 

the presence of numerous silanol (=Si-OH) groups. Generally, the surface of composite 

membrane such as polyamide RO membrane also has negative charge at pH 6.5. 

Therefore, the repulsive electrostatic interaction between silicates and membrane surface 
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did not allow any silica deposit on the membrane at this pH condition. This result showed 

that the surface of silicates and membrane did not react with each other to allow the silica 

deposit on the membrane by overcoming the electrostatic repulsion between two phases.  
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Figure 4.3. Silica adsorption of (a) undersaturated solution (dissolved silica) and (b) 
supersaturated solution onto the membrane at pH 6.5 (B represents the blank 
test with only silica solution. T and D represent the total and dissolved silica 
concentration, respectively.) 
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To examine the effects of pH on silica adsorption, membrane coupons were 

soaked in the silica solution of 100 mg/L as SiO2 at pH 8.0 and 9.0 for 72 hr, and blank 

tests without membrane coupons were also carried out to distinguish the silica adsorption 

and experimental loss. As shown in Figure 4.4, the total silica concentration in the silica 

only solution (blank) and membrane-soaked silica solution (membrane) were decreased. 

A total of 3.27 mg/L as SiO2 was lost in both the blank solution and the membrane-

soaked solution at pH 8.0, but it was considered an experimental loss, not a silica 

adsorption. At pH 9.0, the decrease of SiO2 was 1.68 mg/L more in the membrane-soaked 

solution than in the blank solution, and this difference was interpreted as adsorbed silica 

onto the membrane. This result can be explained by the surface chemistry of silicates and 

membrane at each pH condition. The RO membrane is functionalized with carboxyl (-

COO-) and amine (-NH3
+) groups to increase the water permeability. Although the 

overall surface charge of membrane was negative above pH 6.0, it was partially positive 

due to the presence of the amine group. Above pH 8.0, monosilicic acid (Si(OH)4) began 

to be ionized to monosilicates such as SiO(OH)3
- and SiO2(OH)2

2-. Therefore, ionized 

silicates were able to be electrostatically attracted to positively charged spots of the 

membrane surface.  
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Figure 4.4. Silica adsorption of 100 mg/L as SiO2 solution at pH 8.0 and 9.0 

 

To understand the effect of silica concentration and speciation on silica adsorption 

onto the membrane, the silica solutions of 50 and 100 mg/L as SiO2 at pH 7, 8, and 9 

were examined. Based on the dissolved silica concentrations in Figure 4.5 (a), there were 

notable drops of each initial concentration except for 50 mg/L as SiO2 solution at pH 7.0 

and noticeable increases of final concentration. The surface chemistry of silica is greatly 

affected by pH conditions. Above pH 8.0, the monosilicic acid (Si(OH)4) begins to 

dissociate into the ionized monomeric silicates such as SiO(OH)3
- and SiO2(OH)2

2-. 

Because of the presence of unionized and partially ionized silicate above pH 8.0, the 

dissolved silica polymerized very quickly to form unstable polymeric species initially, 

and then these polymers depolymerized to the monomeric species again. Moreover, the 
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solubility of silica increases with increasing pH (Goto 1956). Therefore, depolymerized 

monomeric silicates and pH conditions accounted for the gradual increase of the 

concentration of dissolved silica.  

The dissolved silica decrease represented the formation of colloidal silica as 

shown in Figure 4.5 (a) and the total silica decrease represented the adsorption of silica 

onto the membrane as shown in Figure 4.5 (b). At pH 7.0, neither adsorption nor 

polymerization was observed in 50 mg/L as SiO2 solution. This result occurred primarily 

because only 0.144% of silica existed as ionized silica (SiO(OH)3
-) at pH 7.0, and the rest 

of silica existed as unionized monosilicic acid (Si(OH)4). Unlike 50 mg/L as SiO2 

solution, 100 mg/L as SiO2 solution formed 6 mg/L as SiO2 of colloidal silica. The 

presence of partially ionized silicates allowed colloidal silica to be formed; however, 

those colloidal silicates were not adsorbed onto the membrane. At pH 8.0, there were 

silica polymerizations of 7 ~ 9 mg/L as SiO2 and minor adsorption of 0.6 ~ 0.7 mg/L as 

SiO2. As mentioned above, the monosilicic acid initiated the dissociation to ionized 

silicates above pH 8.0. There were 98.571% unionized monosilicic acid (Si(OH)4) and 

1.429% ionized silicate (SiO(OH)3
-) at pH 8.0. Despite the undersaturated silica 

condition, the presence both of ionized and unionized silicates met the requirement for 

silica polymerization. However, it was not clear whether the adsorbed silica was colloidal 

or dissolved silica due to unexpected increase of final dissolved silica concentration. At 

pH 9.0, silica polymerization of 8 ~ 12 mg/L as SiO2 occurred but negligible adsorption 

of less than 0.1 mg/L as SiO2 occurred. There were 87.272% unionized monosilicic acid 

and 12.727% ionized silicates. Compared to pH 8.0, the colloidal silica increased by 24 ~ 
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38% and adsorbed silica decreased by 88 ~ 92% at pH 9.0. While the colloidal silica 

grew by polymerization with the dissolved silicates, the surface of colloids was 

negatively charged and appeared to be more stable. The membrane also had negative 

charge at pH 9.0 (Tang 2007). The electrostatic repulsion between silica and membrane 

hindered the adsorption of silica polymers onto the membrane.  
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Figure 4.5. Effect of pH on (a) the dissolved silica concentration and (b) the total silica 
concentration (50 and 100 mg/L as SiO2 solutions at pH 7, 8, and 9) 
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4.2. DYNAMIC EXPERIMENTS 

4.2.1. Flux decline of silica water 

Dynamic tests were carried out in the RO unit with three silica solutions to study 

the flux decline under different silica conditions. The RO unit was operated in partial 

recirculation mode (only retentate returned to the feed tank). The silica concentration and 

operating conditions of each test are presented in Table 4.2. The results are presented in 

terms of normalized flux (J/J0), where J0 corresponds to the initial water flux after adding 

foulants.  

 

Table 4.2. Experimental conditions for flux decline of silica solutions 

Silica concentration, mg/L as SiO2 50 100 200 

pH 6.5 6.5 6.5 

Temp, ˚C 25 ~ 26 25 ~ 26 25 ~ 26 

Feed volume, L 30 21 20 

Pressure, bar (psi) 13.8 (200) 13.8 (200) 13.8 (200) 

Flow rate, L/min 3.0 3.0 3.0 

Initial flux, L/m2hr (lmh)  65.11 68.2 70.5 

Final flux, L/m2hr (lmh)  49.89 44.21 47.36 

Duration, hr 149 91 91 

Water recovery, % 50.11 46.87 62.14 
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Figure 4.6 presents the fouling behavior of three silica solutions in terms of water 

permeability and Figure 4.7 shows the concentration of experimental and theoretical 

(represented as T) dissolved silica according to the increase of water recovery (%). The 

normalized water flux of silica solution gradually decreased due to the accumulation of 

silicates on the membrane. The flux decline of the supersaturated solution (200 mg/L as 

SiO2) was greater than that of undersaturated silica solutions (50 and 100 mg/L as SiO2). 

At 30% water recovery, there were 16 and 17% flux decline in the silica solution of 50 

and 100 mg/L as SiO2, respectively. The supersaturated silica solution of 200 mg/L as 

SiO2 reached 16% flux decline at 6% water recovery and exhibited 23% flux decline at 

30% water recovery. As reported in Figure 4.7, the silica polymerization was not 

observed in the silica solution of 200 mg/L as SiO2 at pH 6.5. Based on the dissolved 

silica concentrations of recycled feed solution in silica polymerization occurred in 200 

mg/L as SiO2 solution. It was found that the experimental concentration followed well the 

theoretical values up to 13% water recovery. After 15% water recovery, the experimental 

silica concentration was lower than the theoretical value. The decrease of experimental 

concentrations represented the silica polymerization in the feed water. While the silica 

polymerization was not observed initially, the colloidal silica began to be formed in the 

feed water as the RO unit withdrew the permeate water. Therefore, the flux decline of 

200 mg/L as SiO2 feed solution was partially caused by deposition of colloidal silica 

which was formed in the bulk solution as well as monosilicic acid which was dissolved in 

the bulk solution. The depth of silica deposit layer could be estimated based on the mass 

balance. Detailed silica depth estimation is in Appendix B. Interestingly, undersaturated 
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silica solutions displayed similar flux decline despite the 50 mg/L as SiO2 difference in 

the total silica concentration. Unlike the supersaturated silica solution, monosilicic acid 

mainly existed in the bulk solution and deposited on the membrane during tests. These 

results suggest that the effect of silica concentration on the flux trend was insignificant 

especially for undersaturated silica condition; instead, the composition of silica species 

determined the fouling trend. Traditional pretreatment (e.g., lime softening and 

precipitant aids) to resolve the problem of silica fouling has aimed to remove the silica in 

the source water as much as possible. However, the result shown in Figure 4.6 contradicts 

the conventional assumption that keeping low silica in the feed water is the optimal 

environment to prevent silica fouling. Therefore, the strategy for silica control should 

consider the composition of silica species in the feed water.  
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Figure 4.6. Normalized flux (J/J0) of silica solutions of 50, 100, and 200 mg/L as SiO2 
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Figure 4.7. Experimental and theoretical dissolved silica concentrations of recycled feed 
water (T represents theoretical concentration) 

 

4.2.2. Effect of cations on silica fouling 

Silica polymerization is catalyzed by the multivalent cations, and magnesium has 

a greater catalytic effect compared to calcium (Sheikholeslami 2002). To investigate the 

effect of cations on the silica fouling, the silica solutions of 100 mg/L as SiO2 with Ca 

and Mg of various concentrations were used as the feed water. The concentrations of Ca 

and Mg were expressed in terms of CaCO3 and detailed test conditions are shown in 

Table 4.3. To prevent any precipitation of silica with Ca and/or Mg, all tests were 

conducted at pH 6.5. 
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Table 4.3. Experimental conditions for effect of cations on silica fouling 

Silica concentration, mg/L as 

SiO2 

100 100 100 

Ca concentration, mg/L as CaCO3 - 200  

Mg concentration, mg/L as 

CaCO3 

- 150  

Total hardness, mg/L as CaCO3 - 350  

pH 6.5 6.5 6.5 

Temperature, ˚C 26 ~ 26 26 ~ 26 26 ~ 26 

Feed volume, L 30 30 35 

Pressure, bar (psi) 13.8 (200) 13.8 (200) 13.8 (200) 

Flow rate, L/min 3.0 3.0 3.0 

Initial flux, L/m2hr (lmh) 68.2 71.3 65.2 

Final flux, L/m2hr (lmh) 44.21 44.37 12.63 

Duration, hr 91 189 299 

Water recovery, % 46.87 62.14 60.49 

 
Figure 4.8 shows that concentrations of experimental dissolved silica followed 

well theoretical concentrations (represented as T), indicating no colloidal silica formed 

during each test. Therefore, the deposition of dissolved monosilicic acid and cations on 

the membrane individually was considered to cause the flux decline, as shown in Figure 

4.9. While the addition of cations showed no catalytic effect on the silica polymerization, 

it increased osmotic pressure on the membrane, as shown in Figure 4.10. Consequently, 

the feed solutions of 350 and 1250 mg/L as CaCO3 hardness with 100 mg/L as SiO2 
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exhibited lowered water flux compared to the solution of 0 mg/L as CaCO3 hardness with 

100 mg/L as SiO2. After 45% recovery, the feed solution of 1250 mg/L as CaCO3 

hardness showed remarkable flux decline and great osmotic pressure increase. This result 

indicated that the membrane surface was totally covered by deposition of silicates and 

cations and completely fouled.  
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Figure 4.8. Experimental and theoretical dissolved silica concentrations (T represents 
theoretical concentration) 
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Figure 4.9. Normalized flux of silica solutions of 100 mg/L as SiO2 with total hardness of 
0, 350, and 1250 mg/L as CaCO3 
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Figure 4.10. Osmotic pressures 

 

4.3. SUMMARY 

In this chapter, the polymerization and deposition of silica were characterized 

through batch tests, and the trends of silica fouling tests were investigated through 

dynamic tests. Above the solubility limits (130 mg/L as SiO2 at 25 ˚C and pH 7.5), the 

dissolved silica polymerized to form the colloidal silica. The rate of silica polymerization 

increased with the degree of supersaturation. Silica deposition was observed above pH 

8.0 due to the electrostatic attraction of ionized silicates on the membrane surface. With 

undersaturated silica feed water, the concentration effect on the silica fouling was 

insignificant.  
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Chapter 5 Elucidating the chemical bonding between silicates and 
membrane surface of monomeric and colloidal solution 

The chemical interactions of silicates with the membrane surface and structural 

changes of the membrane by silica deposition were characterized through analytical 

surface investigations. All experiments were performed using surface characterization 

techniques by analyzing membrane coupons exposed to silica solutions. To investigate 

the chemical bonding between silicates and membrane surfaces, X-ray photoelectron 

spectroscopy (XPS) was used as the primary method to analyze silica exposed 

membranes. Attenuated total reflection – Fourier transform infrared spectroscopy (ATR – 

FTIR) was also used to support the chemical changes of XPS results.  

 

5.1. CHEMICAL STRUCTURE OF POLYAMIDE MEMBRANES 

The polyamide layer is formed by interfacial polymerization of amine monomers 

with aromatic acid chloride monomers. Basically, 1,3-benzenediamine (m-

phenylenediamine) and trimesoyl chloride (1,3,5-benzentricarbonyl chloride) are used to 

make the aromatic polyamide layer. Alternatively, an aliphatic amine monomer such as 

piperazine can be used to form the polyamide layer with trimesoyl chloride. To improve 

membrane performance, a special coating layer can be applied upon the polyamide layer 

as post treatment. In this research, polyamide-based membranes (XLE, BW30, and 

NF270, Dow FilmtechTM) with different chemical compositions and chemical properties 

were used to characterize the structural change of functionalized groups by silica. XLE 

membrane is a fully aromatic polyamide RO membrane made of 1,3-benzenediamine and 

trimesoyl chloride, having carboxyl (-COOH) and amide (-CONH-) functionalized 
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groups. BW30 membrane is a fully aromatic polyamide RO membrane with special 

coating on top of the polyamide layer. This special coating layer is made of aliphatic 

polymer having many hydroxyl (-COH) group (Tang 2007). NF270 membrane is a semi-

aromatic polyamide NF membrane made of piperazineamide and trimesoyl chloride. It 

has carboxyl (-COOH) and amide (-CONH-) functionalized groups (Tang et al. 2009a; 

Tang 2009b). Detailed structural formulas of the fully aromatic and semi-aromatic 

polyamide membrane are illustrated in Figure 5.1 and Figure 5.2. 
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Figure 5.1. Structural formula of fully aromatic polyamide (X: crosslinked portion, Y: 
linear portion) 
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Figure 5.2. Structural formula of semi-aromatic polyamide membrane (X: crosslinked 
portion, Y: linear portion) 

 

5.1.1. XPS survey scans of virgin membranes 

All virgin membrane coupons were rinsed with MilliQ water and dried in a vacuum 

overnight before XPS measurement. The XPS survey scans with a pass energy of 80 eV 

were obtained by sweeping over 0 ~ 1200 eV binding energy with a resolution of 1 eV. 

The survey scans of each membrane are plotted in Figure 5.3. The survey spectra had 

peaks at 535, 400, and 285 eV indicating oxygen 1s (O 1s), nitrogen 1s (N 1s), and 

carbon 1s (C 1s), respectively.  
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Figure 5.3. XPS survey spectra of virgin XLE, BW30, and NF270 

 

Detailed elemental compositions by atomic percentage were determined based on 

the intensity of each peak and are listed in Table 5.1. XLE and BW30 are fully aromatic 

polyamide membranes, while NF270 is a semi-aromatic polyamide membrane. For a 

fully aromatic polyamide membrane, the fully cross-linked and fully linear polyamide 

have C6H4ON and C15H10O4N2, respectively. Theoretically, the O/N ratio is in the range 

of 1 to 2. The carbon contents are 75.0 ~ 71.4%. For XLE membrane, O/N ratio was 1.25 

and the carbon content was 75.64%. The BW30 membrane with special coating layer had 

much higher oxygen and lower nitrogen contents. This result indicated that an oxygen 

rich layer was applied to BW30 membrane. The carbon content was slightly lower in 

BW30 membrane. For semi-aromatic polyamide (piperazine) membrane, the fully cross-



 61

linked and fully linear membrane have C5H5ON and C13H12O4N2, respectively. O/N ratio 

of NF270 was 1.21 and elemental compositions were very close to XLE membrane.  

 

Table 5.1. Chemical compositions of virgin membranes 

Membrane Usage % of Atomic Concentration O/N 

O N C 

XLE RO 13.57 10.8 75.64 1.25 

BW30 RO 23.77 3.21 73.02 7.40 

NF270 NF 13.92 11.52 74.31 1.21 

 

5.1.2. XPS narrow scans of virgin membranes 

High resolution narrow scans were obtained by averaging 4 scans for the C 1s 

peak from 278 to 295 eV with a resolution of 0.1 eV. Peak fitting was carried out to 

analyze the detailed chemical bonding groups by using CasaXPS software (Casa 

Software Ltd.). The C 1s spectra of each membrane was subtracted by a linear-type 

background and was deconvoluted by a mixture of 70 : 30 Gaussian-Lorentz function. 

The deconvoluted peaks are plotted in Figure 5.4. 

 XLE and NF270 had two major peaks at 285.0 eV and 288.2 eV corresponding 

to aromatic/aliphatic (C-C/C-H) and amide (N-C=O) functionalized groups and one 

minor peak at 289.0 eV assigned to carboxyl (O-C=O) group. BW30 had additional peak 

at 286.6 eV, which reflects carbon atoms bonded to hydroxyl (C-OH) groups. 
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Figure 5.4. C 1s deconvoluted spectra of virgin (a) XLE, (b) BW30, and (c) NF270  



 63

The percent of carbon accounted for by the different functionalized groups of the 

C 1s peak was calculated by the CasaXPS software and is listed in Table 5.2. For XLE 

and NF270 membrane, the aromatic/aliphatic groups were 81 ~ 82%. The amide groups 

from nitrogen source were 12.93% and 16.71%, respectively. NF270 contained slightly 

higher amide groups, consistent with the slightly higher nitrogen content in survey scans. 

BW30 had additional hydroxyl group of 19.72% due to the additional hydroxyl-based 

coating layer. XLE had 5.76% carboxyl group, while BW30 and NF270 had less than 

3%. The carboxyl group comes from the hydrolysis of trimesoyl chloride during 

polyamide interfacial polymerization, giving hydrophilicity in the linear portion of the 

polyamide layer and consequently increasing water permeability.   

 

Table 5.2. Chemical bonding groups of virgin XLE, BW30, and NF270 by C 1s peak 
fitting 

Membrane % of Atomic Concentration 

Aromatic/aliphatic 

C-C/C-H 

Hydroxyl 

C-OH 

Amide 

N-C=O 

Carboxyl 

O-C=O 

XLE 81.31 - 12.93 5.76 

BW30 70.59 19.72 7.31 2.38 

NF270 81.75 - 16.71 1.53 
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5.2. EFFECTS OF SIO2 CONCENTRATIONS ON FUNCTIONALIZED GROUPS 

5.2.1. XPS survey scans after undersaturated and oversaturated SiO2 exposure 

Batch tests were carried out to characterize the chemical interactions between 

silicates and functionalized groups of polyamide membrane. Three different polyamide 

membrane coupons (XLE, BW30, and NF270) were soaked in 100 and 300 mg/L as SiO2 

solution at pH 6.5 for 13 days. After batch tests, all membrane coupons were gently 

rinsed with MilliQ water and dried in the vacuum overnight before XPS measurements.  

Basically, the three membranes were composed of carbon (C), nitrogen (N), and 

oxygen (O), as shown in Figure 5.5. Detailed % atomic concentrations are listed in Table 

5.3. For virgin XLE and the XLE sample exposed to undersaturated silica (100 mg/L as 

SiO2), the percentage elemental compositions were practically identical. Less than 1% Si 

was detected on XLE with 100 mg/L as SiO2. However, for the XLE sample exposed to 

supersaturated silica (300 mg/L as SiO2), oxygen increased by 9.36% and carbon and 

nitrogen decreased by 15.72% and 2.75%, respectively. Over 9% Si was present on XLE 

after exposure to 300 mg/L as SiO2. For BW30 membrane, atomic concentrations of each 

element were changed by 2 ~ 5% after silica exposure. Si deposition on BW30 was 

considerably lower than on XLE for the supersaturated silica condition. Only 3% Si 

presence showed that the hydroxyl (C-OH) rich surface of BW30 may play a negative 

role on silica deposition. For NF270, only the undersaturated silica solution was tested to 

study the chemical bonding change. The changes of percentage concentration were less 

than 1%. No Si was detected on NF270.  
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Figure 5.5. Survey spectra of (a) XLE, (b) BW30, and (c) NF270 with 100 and 300 mg/L 
as SiO2 at pH 6.5 
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Table 5.3. Elemental compositions of polyamide membranes with SiO2 at pH 6.5  

Concentration Membrane % of Atomic Concentration 

mg/L as SiO2 O N C Si 

0 XLE 13.57 10.8 75.64 - 

100  13.33 10.58 75.43 0.66 

300  22.93 8.05 59.92 9.1 

0 BW30 23.77 3.21 73.02 - 

100  20.71 5.5 73.79 - 

300  23.12 5.68 68.14 3.05 

0 NF270 13.92 11.52 74.31 - 

100  14.14 12.31 73.55 - 

 

5.2.2. XPS narrow scans after undersaturated and oversaturated SiO2 exposure 

Figure 5.6 ~ Figure 5.8 illustrate the high-resolution C 1s spectra of XLE, BW30, 

and NF270 with specific chemical bonding groups calculated by CasaXPS program; part 

A of each of these figures is repeated from the earlier figures to enable comparison with 

the silica-exposed conditions. The virgin XLE and BW30 are the polyamide RO 

membranes which are based on trimesoyl chloride (1,3,5-benzentricarbonyl chloride) and 

1,3-benzenediamine (m-phenylenediamine), while NF270 is the NF membrane based on 

trimesoyl chloride and piperazine. Additionally, BW30 has a special coating on top of the 

polyamide layer. All virgin membranes consisted of aromatic/aliphatic (C-C/C-H) at 

285.0 eV, amide (N-C=O) at 287.8 eV, and carboxyl (O-C=O) groups at 289.0 eV. Only 
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BW30 had additional hydroxyl (C-OH) group at 286.3 eV due to the special coating 

layer, as shown in Figure 5.7. For silica exposed membranes (XLE with 100 and 300 

mg/L as SiO2 and BW30 with 300 mg/L as SiO2), the silicon carbide group Si-C was 

additionally observed at 284.5 eV.  
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Figure 5.6. C 1s deconvoluted spectra of XLE in (a) virgin, (b) 100, and (c) 300 mg/L as 
SiO2 at pH 6.5 
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Figure 5.7. C 1s deconvoluted spectra of BW30 in (a) virgin, (b) 100, and (c) 300 mg/L 
as SiO2 at pH 6.5 
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Figure 5.8. C 1s deconvoluted spectra of NF270 in (a) virgin and (b) 100 mg/L as SiO2 at 
pH 6.5 

 

Detailed chemical bonding groups of C 1s spectra are listed in Table 5.4. It is 

interesting to note that the carboxyl group decreased after silica exposure. For XLE 

membrane, the carboxyl (O-C=O) group decreased by 2.3% and 2.5% in 100 and 300 

mg/L as SiO2 respectively. Slightly more carboxyl group decreased in supersaturated 

silica solution. At pH 6.5, the dissolved silica especially under unsaturated condition 
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exists as unionized monosilicic acid (Si(OH)4). The membrane surface has a negative 

charge due to the deprotonation of carboxylic acid (-COOH to COO-, pKa 4.8). The 

unionized silica reacted with the carboxyl group of the membrane, giving rise to 

decreasing of carboxyl group. The silicon carbide (Si-C) group was attributed to the 

chemical bonding of monosilisic acid with the carboxyl group. For BW30 membrane, the 

original carboxyl group was only 2.38%, much less than XLE (5.76%). After silica 

exposure, the carboxyl group decreased but the changed amounts were not noticeable. 

Under unsaturated silica condition, a slight decrease was observed in the carboxyl group 

and 5.27% decrease was observed in the aromatic/aliphatic (C-C/C-H) group. The 

hydroxyl (C-OH) group increased by 4.6%. Under supersaturated silica condition, the 

aromatic/aliphatic group decreased dramatically by 16.5% and the hydroxyl group 

increased by 5.44%. As mentioned above, BW30 surface is rich in the hydroxyl group. 

This unique chemical property made a much greater change in the aromatic/aliphatic and 

hydroxyl group in comparison to the XLE membrane. While the carboxyl group 

decreased very slightly by silica interaction, the aromatic/aliphatic group decreased 

considerably. This change showed that the dissolved silica was more likely to break the 

aromatic/aliphatic bonding in the hydroxyl rich condition. For NF270, no significant 

change in chemical bonding concentrations was observed. Less than 0.2% decrease in the 

carboxyl group was observed. These results indicated that silicates, primarily monosilicic 

acid, partially reacted with the carboxyl group of the membrane and changed the polymer 

chains by breaking carboxyl bonding.  



 72

Table 5.4. Chemical bonding groups of XLE, BW30, and NF270 with SiO2 at pH 6.5 by 
C 1s peak fitting 

Concentration Membrane % of Atomic Concentration 

mg/L as SiO2 Aromatic/aliphatic

C-C/C-H 

Hydroxyl

C-OH 

Amide 

N-C=O 

Carboxyl 

O-C=O 

Silicon carbide

Si-C 

0 XLE 81.31 - 12.93 5.76 - 

100  81.74 - 13.04 3.40 1.82 

300  80.29 - 13.11 3.20 3.40 

0 BW30 70.59 19.72 7.31 2.38 - 

100  65.32 24.32 8.23 2.13 - 

300  54.1 29.76 8.04 2.05 6.06 

0 NF270 81.75 - 16.71 1.53 - 

100  81.67 - 16.98 1.35 - 

 

5.3. EFFECTS OF PH ON CHEMICAL BONDING OF MEMBRANE 

5.3.1. XPS survey scans after SiO2 exposure at different pH conditions 

Under the unsaturated silica condition, silicates may exist as unionized 

monosilicic acid (Si(OH)4) and ionized silicates (SiO(OH)3
- and SiO2(OH)2

2-) according 

to pH conditions. This study attempted to show the effect of silica speciation on chemical 

bonding groups of polyamide membrane with a special focus on the carboxyl group. In 

this research, XLE membrane was selected to study the carboxyl group on the silica 

deposition because this membrane is synthesized by basic combination of trimesoyl 

chloride (TMC) and m-phenylenediamine (MPD) without any complex chemical 
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additives to enhance membrane performance. The structural change of the carboxyl group 

by silica deposition was analyzed with XLE membrane. To investigate the pH effect on 

the silica deposition, XLE membrane coupons were soaked in 100 mg/L as SiO2 solution 

for 13 days at various pH conditions and then analyzed with XPS and FTIR. The survey 

scans are plotted in Figure 5.9 and detailed chemical compositions are listed in Table 5.5. 

In the range of pH 6.5 to 9.0, the atomic concentrations were not changed noticeably. The 

oxygen was around 10 ~ 11%, the nitrogen was around 8 ~ 11%, and the carbon was 

around 77 ~ 80%. Within those pH conditions, minor percentage changes (1 ~3%) were 

observed in each element.  
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Figure 5.9. Survey spectra of XLE with 100 mg/L as SiO2 at pH 7.0, 8.0, and 9.0 
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Table 5.5. Elemental compositions of XLE at varied pH with 100 mg/L as SiO2  

pH % of Atomic Concentration 

 
O N C 

virgin 11.88 10.90 77.23 

pH 6.5 11.58 11.01 77.41 

pH 7.0 10.96 9.15 79.89 

pH 8.0 10.31 8.66 81.03 

pH 9.0 11.10 8.79 80.10 

 

5.3.2. XPS narrow scans of C 1s after SiO2 exposure at different pH conditions 

For XLE membrane, the aromatic/aliphatic (C-C/C-H), amide (N-C=O), and 

carboxyl (O-C=O) groups were analyzed at 285.0 eV, 287.8 eV, and 290.0 eV, as shown 

in Figure 5.10. The aromatic/aliphatic group was the strongest peak in the pH range of 

6.5 to 9.0. The amide group was also presented and the carboxyl group was observed 

with low peak intensity. More detailed chemical bonding groups calculated by CasaXPS 

are listed in Table 5.6. 
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Figure 5.10. C 1s deconvoluted spectra of XLE ((a) virgin, (b) ~ (e) XLE with 100 mg/L 
as SiO2 at pH 6.5, 7.0, 8.0, and 9.0) 
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The aromatic/aliphatic (C-C/C-H) group was consistently observed in the range of 

83 ~ 84%. The amide group accounted for 12 ~ 13%. The carboxyl (O-C=O) group 

showed a consistent decrease as pH increased. Figure 5.11 shows the silica species at 

varied pH condition and percentage species of silica calculated by Minteq program. 

Unionized monosilisic acid (Si(OH)4) begins to be ionized above pH 7.0 and partially 

converts to SiO(OH)3
-. Below pH 8.0, silica mainly exists as unionized monosilicic acid 

and less than 2% of silica exists as ionized silicates. Above pH 8.0, over 13% of silicates 

exists as SiO(OH)3
-. The percentage decrease (%) of carboxyl group was evaluated by 

using Equation 8. 

 

 
%	

% %
%

100 %  
Eq. 8 

 

In Equation 8, % Cvirgin and % Csilica exposed are the percentage concentration of 

carboxyl group in the virgin and silica exposed membrane, respectively. Figure 5.12 

presents the percentage (%) decrease of carboxyl group. At pH 6.5, unionized 

monosilicic acid decreased the carboxyl group about 21%. With 0.15% ionized silicates 

at pH 7.0, the carboxyl group decreased an additional 2% in comparison to the value at 

pH 6.5. At pH 9.0 with 13% ionized silicates, carboxyl group decreased by over 33%. 

This decreasing trend shows that ionized silicates were more likely to decrease the 

carboxyl group than unionized monosilicic acid. As illustrated in Figure 5.13, the 

carboxyl group did not actually react with silicates, including both unionized monosilicic 
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acid and ionized silicates, but their bonding was definitely affected by the existence of 

silicates.  

 

Table 5.6. Chemical bonding groups at varied pH with 100 mg/L as SiO2 

pH % of Atomic Concentration 

Aromatic/aliphatic 

C-C/C-H 

Amide 

N-C=O 

Carboxyl 

O-C=O 

virgin 83.10 12.75 4.15 

pH 6.5 84.10 12.66 3.25 

pH 7.0 83.63 13.18 3.19 

pH 8.0 84.33 12.71 2.96 

pH 9.0 83.52 13.7 2.78 
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Figure 5.11. Silica speciation as a function of pH and the speciation at the particular pH 
values of the experiments in this work. 

 

pH 6.5 pH 7.0 pH 8.0 pH 9.0

%
 d

ec
re

as
e 

o
f 

ca
rb

o
xy

l g
ro

u
p

0

10

20

30

40

O-C=O 

 

Figure 5.12. Decrease in the carboxyl group of the membrane after exposure to 100 mg/L 
as SiO2 at various pH values 
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Figure 5.13. Carboxyl group change by unioinized monosilicic acid and ionized silicates 

 

5.3.3. FTIR spectra after SiO2 exposure at different pH conditions 

Figure 5.14 presents ATR-FTIR spectra of virgin membrane for wave numbers 

ranging from 1000 to 1800 cm-1. Due to the deep penetration depth (>300 nm) of ATR-

FTIR rather than XPS measurement (~ 5 nm), both polyamide and polysulfone layer can 

be analyzed in this wave number range. The band at 1660, 1610, 1541, and 1450 cm-1 

represented the peaks of aromatic polyamide layer, while the band at 1488, 1245, and 

1180 cm-1 represented the peaks of polysulfone layer (Beverly et al. 2000; Idil 

Mouhoumed et al. 2014; Kwon et al. 2012; Xu et al. 2013). The peak at 1660 cm-1 band 

was assigned to the C=O stretching, C-C stretching, and C-C-N deformation vibration of 

Amide  Ⅰ (Skrovanek et al. 1985). The peak at 1610 cm-1 corresponded to the N-H 

stretching and C=C ring stretching of aromatic amide (Zheng et al. 1996). The peak at 

1541 cm-1 was due to the C-N stretching and N-H in-plane bending of Amide  Ⅱ
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(Coleman et al. 1986). The peak at 1450 cm-1 was attributed to the C=O stretching and O-

H bending of carboxylic acid (Abu Tarboush et al. 2008). The peak at 1488 cm-1 was 

assigned to aromatic in-plane ring bend stretching in polysulfone layer (Kwon and Leckie 

2006). The peak at 1245 cm-1 corresponded to the C-O-C asymmetric stretching of aryl-

O-aryl group in polysulfone layer (Sadtler Research Laboratories. 1980). The peak at 

1180 cm-1 was assigned to the symmetric SO2 stretching in polysulfone layer (Sadtler 

Research Laboratories. 1980). All these peaks and corresponding functionalized groups 

are summarized in Table 5.7. FTIR absorption bands of the virgin XLE membrane. The 

virgin XLE membrane had a strong intensity peak at 1245 cm-1 corresponding to the C-

O-C asymmetric stretching.  
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Figure 5.14. FTIR spectra of virgin XLE membrane 
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Table 5.7. FTIR absorption bands of the virgin XLE membrane 

FTIR bands Corresponding groups 

Aromatic polyamide layer 1660 cm-1 C=O stretching C-N stretching, and C-C-N 

deformation of Amide Ⅰ 

 1610 cm-1 N-H stretching of amide 

 1541 cm-1 N-H in-plane bending and C-N stretching of 

Amide Ⅱ 

 1450 cm-1 C=O stretching of carboxylic acid 

Polysulfone layer 1488 cm-1 Aromatic in-plane ring bend stretching 

 1245 cm-1 C-O-C asymmetric stretching of aryl-O-aryl 

group 

 1180 cm-1 Symmetric SO2 stretching 

 

All peaks were normalized to the lowest peak (symmetric SO2 stretching band at 

1180 cm-1) in polysulfone layer. Any change in a peak position or shape means that a 

change has occurred in the distribution of functionalized groups. For membranes exposed 

to 100 mg/L as SiO2 at pH 7.0, 8.0, and 9.0, all absorbance decreased, as illustrated in 

Figure 5.15. At pH 7.0 and pH 8.0, both spectra showed very similar absorbance at each 

characteristic peak. And no peak shift was observed in the range of 1000 to 1800 cm-1 at 

both pH conditions. Except the band at 1450 cm-1 corresponding to the C=O of carboxyl 

group and the band at 1180 cm-1 corresponding to the SO2 stretching, the intensity of all 

other peaks was practically identical. Interestingly, the band of the C=O at 1450 cm-1 was 
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lowered and was changed to a smoother shape at pH 7.0. At pH 8.0, this band showed 

lower absorption with a similar shape at pH 7.0. The band of the SO2 stretching at 1180 

cm-1 showed a slightly lower peak intensity and smother shape. These results indicated a 

structural change of the polysulfone layer. At pH 9.0, not only peak intensity but also 

peak area decreased noticeably. Specifically, the band of the C=O at 1450 cm-1 totally 

disappeared. These results showed that the chemical structure both of polyamide and 

polysulfone layer changed significantly with ionized silicates (SiO(OH)3
-) and unionized 

monosilisic acid (Si(OH)4) at pH 9.0.  

Those ATR-FTIR results showing the effect of silicates on the carboxyl group of 

polyamide layer were consistent with XPS analysis that the silicates decreased the 

carboxyl bonding and ionized silicates were more likely to break the carboxyl bonding. 

The ATR-FTIR also confirmed that the chemical structure of not only the polyamide 

layer but also the polysulfone layer was changed by silicates, giving rise to the structural 

deformation of membrane. 
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Figure 5.15. Normalized FTIR spectra of XLE membrane at pH 7.0, 8.0, and 9.0 with 100 
mg/L as SiO2 

 

5.4. SUMMARY 

In this chapter, the chemical interactions of silicates with membrane surface and 

structural change of the membrane by silica deposition were characterized. The 

polyamide membrane mainly consisted of the aromatic/aliphatic (C-C/C-H) group and 

additionally made up of the amide (N-C=O) and carboxyl (O-C=O) group. The silica 

exposure decreased the carboxyl group of the polyamide membrane. The carboxyl group 

did not actually react with silicates, but their bonding was definitely affected by silicates. 

The presence of ionized silicates in the high pH condition and the oversaturated silica 

condition aggravated the change of the carboxyl group.   
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Chapter 6 Describing the silica fouling process with chemical 

interactions in the RO system 

While Chapter 5 reported an analytical study to examine the chemical bonding of 

silica deposition onto the membrane surface, Chapter 6 describes a practical study to 

explain the silica fouling in the RO system based on structural changes by silicates 

described in Chapter 5. This chapter focuses on describing how the carboxyl group of 

polyamide membrane affected the silica fouling in an actual RO system. To achieve this 

goal, fouling tests were carried out with silica feed water in the bench-scale RO system. 

Then, all membrane coupons were analyzed with X-ray photoelectron spectrometer 

(XPS) and Attenuated total reflection – Fourier transform infrared spectroscopy (ATR – 

FTIR). The XLE membrane was selected to study the silica fouling and chemical 

bonding. Additionally, membrane cleaning after silica fouling test was performed to 

study the reversibility of silica fouling and the consequent structural change by 

membrane cleaning. In silica fouling tests, only the retentate (concentrate) stream was 

recycled while the permeate was discharged. Therefore, the constituents in the feed water 

increase during the tests. The silica concentration in the feed water was not actually 

measured in the experiments reported in this chapter, but it can be estimated based on the 

recovery (%) as described in Section 4.2.1. For undersaturated silica feed water, 

calculated silica concentrations showed excellent agreement with the experimental 

measurement. 

 



 85

6.1. EFFECTS OF SIO2 CONCENTRATION ON SILICA FOULING AND FUNCTIONALIZED 

GROUPS OF THE MEMBRANE 

6.1.1. Fouling tests with undersaturated and oversaturated SiO2 feed water 

Silica fouling tests were performed to study the structural change of polyamide 

membrane by different silica saturated conditions. Undersaturated (100 mg/L as SiO2) 

and oversaturated (200 mg/L as SiO2) silica feed water were used. These tests were 

conducted using a crossflow RO system. Detailed description of this system is in Section 

3.3.1. During fouling tests, pH was monitored by portable pH meter (Accumet Research 

AR25 Dual Channel pH/Ion Meter, Fisher Scientific, Pittsburgh, PA) and was adjusted to 

7.0 with HCl and NaOH. All membrane coupons had a 10 hour preconditioning run with 

only MilliQ water to stabilize the permeate flux. The operational conditions of the 

preconditioning run were identical to the actual fouling test. Detailed experimental 

conditions and operational conditions are listed in Table 6.1.  
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Table 6.1. Experimental conditions for flux decline with 100 and 200 mg/L as SiO2 at pH 
7.0 

Initial silica concentration, mg/L as SiO2 0 100 200 

(Calculated final silica concentration) - (152.9) (367.0) 

pH - 7.0 7.0 

Temp, ˚C 25 ~ 26 25 ~ 26 25 ~ 26 

Feed volume, L 20 24 24 

Pressure, bar (psi) 10.3 (150) 10.3 (150) 10.3 (150) 

Flow rate, L/min 3.0 3.0 3.0 

Initial flux, L/m2hr (lmh)  112.1 100.5 103.7 

Final flux, L/m2hr (lmh)  98.5 77.1 70.7 

Duration, hr 40.0 72.0 69.4 

Water recovery, % 38.8 34.8 45.8 

 

Figure 6.1 presents the results from a fouling test with (initially) undersaturated 

(100 mg/L as SiO2) and oversaturated (200 mg/L as SiO2) silica feed water. The results 

are presented in terms of normalized flux (J/J0) where J0 corresponds to the initial water 

flux after adding foulant. Additionally, the salt rejection (%) of each fouling test is in 

Appendix D. The blank test was conducted with only MilliQ water. The blank test 

showed a gradual decrease of normalized flux. Only 10% flux decline was observed in 

the blank test for 38.8% recovery. For silica feed water tests, noticeable flux decline was 

observed in both undersaturated and oversaturated silica conditions. After 35% permeate 
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recovery (% production of permeate water from original feed water), undersaturated 

silica feed water showed 23% flux decline and oversaturated silica feed water showed 

25% flux decline. The trend of flux decline in these two experiments was very similar. 

Surprisingly, no significant effect of silica concentration (100 ~ 200 mg/L as SiO2) on 

permeate flux was observed; the flux decline trend of the oversaturated silica condition 

was very close to the flux decline of the undersaturated condition. Generally, the 

solubility of silica in water is about 120 ~ 150 mg/L as SiO2 at 25 ˚C (Okamoto 1957). 

Although the oversaturated silica condition used in this test was 200 mg/L as SiO2 which 

was over the solubility limit, no severe fouling was observed during 45.8% recovery 

(69.4 hours operation).  Traditionally, the conventional pretreatment for silica has been 

focused on the removal of dissolved silica to keep the silica source low in the feed water. 

These results indicated that keeping low silica in the feed water could not be the optimal 

condition to control silica and other external factors such as ionic strength, pH, 

temperature or presence of other ions should be considered to prevent silica fouling.  
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Figure 6.1. Flux decline of XLE membrane with 100 and 200 mg/L as SiO2 at pH 7.0 

 

6.1.2. XPS analysis with undersaturated and oversaturated SiO2 feed water 

After the silica fouling tests, all membrane coupons were analyzed with XPS. The 

survey scans are presented in Figure 6.2 and elemental compositions are listed in Table 

6.2. The ratio of O/N for theoretical fully crosslinked (C6H4ON) and fully linear 

(C15H10O4N2) polyamide membrane is 1 and 2, respectively. XLE membrane is partially 

crosslinked and partially linear. Therefore, theoretical O/N ratio of partially crosslinked 

polyamide membrane should be in the range of 1 to 2. The ratio of virgin XLE was 1.09 

which was quite close to the theoretical value for fully crosslinked polyamide. After the 

silica fouling tests, the oxygen increased and the nitrogen decreased, to that the ratio of 

O/N increased significantly. Additionally, the silica uptake was observed in silica fouling 
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membranes due to the deposition of silica on the membrane surface. A noticeable 

increase of silica was observed in the oversaturated silica feed water (200 mg/L as SiO2). 

Due to concentration polarization, the silica concentration near the membrane surface 

was much higher than in the bulk solution, leading to the silica polymerization. 

Therefore, highly concentrated silicates had great propensity to form Si-O-Si anhydride 

bonds by polymerization and formed a soft silica gel layer with high water content. Then, 

water molecules were expelled from the accumulated silica gel layer to form more 

condensed (SiO2)n structure (aging process). The high ratio of oxygen to silica (O/Si) on 

the fouled membrane in the undersaturated silica (100 mg/L as SiO2) experiment can be 

explained by the formation of a soft silica gel layer containing many water molecules. 

Also, due to the nonuniform deposition of silica on the membrane surface in this low 

silica concentration case, the oxygen content might include some oxygen from the 

original membrane. For the oversaturated silica (200 mg/L as SiO2) fouled membrane, 

this ratio of O/Si was 1.99, very close to 2.0, indicating the formation of fully condensed 

(SiO2)n network structure. The increased oxygen content also explained the formation of 

SiO2 structure on the membrane.  
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Figure 6.2. Survey scans of XLE membrane with 100 and 200 mg/L as SiO2 at pH 7.0 

 

Table 6.2. Elemental compositions of XLE membrane with 100 and 200 mg/L as SiO2 at 
pH 7.0 

Concentration % of Atomic Concentration O/N O/Si 

mg/L as SiO2 O N C Si  

virgin 11.88 10.90 77.23 - 1.09 - 

100 21.65 4.13 72.31 1.90 5.24 11.38 

200 35.01 2.64 44.80 17.56 13.28 1.99 

 

High resolution narrow scans for C 1s were obtained by averaging 4 scans from 

278 to 295 eV with a resolution of 0.1 eV. By peak fitting analysis with CasaXPS 
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program, detailed chemical bonding groups were identified. The C 1s spectra of each 

membrane is illustrated in Figure 6.3. The virgin membrane had two major peaks at 285 

eV and 288.2 eV corresponding to the aromatic/aliphatic (C-C/C-H) and amide (N-C=O) 

group and one minor peak at 289.0 eV assigned to the carboxyl (O-C=O) group. After 

silica fouling tests, the two major peaks lowered and an additional peak at 286.6 eV 

corresponding to the hydroxyl (C-OH) group appeared.  
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Figure 6.3. C 1s spectra of XLE membrane with 100 and 200 mg/L as SiO2 at pH 7.0 

 

The deconvoluted C 1s peaks are illustrated in Figure 6.4 and detailed chemical 

bonding groups are listed in Table 6.3. The strongest peak for the virgin membrane was 

the aromatic/aliphatic (C-C/C-H) group. After silica fouling tests, the aromatic/aliphatic 
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group decreased and the hydroxyl (C-OH) group increased noticeably. Additionally, the 

silicon carbide (Si-C) was observed at 284.5 eV due to the silica deposition. The carboxyl 

(O-C=O) group decreased in the test with undersaturated silica feed water and the 

carboxyl peak almost disappeared in the test with oversaturated silica feed water. These 

rearrangements of C 1s peaks showed that the aromatic and carboxyl bonding were 

partially broken and the silica bonded to the carbon source of the membrane. From the 

results of batch tests in Chapter 5, the silica did not react with or bond to the carboxyl 

group directly, but decreased the content of carboxyl group. The results of silica fouling 

tests were consistent with the batch tests in that the carboxyl group decreased due to the 

silica presence. These results showed that the silica fouled the membrane by reducing the 

carboxyl group of the membrane and deforming the chemical structure of the membrane. 

Although the decrease of carboxyl group was not proportional to the fouling trend (i.e., 

trend of flux decline), it definitely showed that the decrease of the carboxyl group was the 

indication of membrane fouling and followed the trend of flux decline.  
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Figure 6.4. C 1s deconvoluted spectra of XLE membrane with 100 and 200 mg/L as SiO2 
at pH 7 

 

Table 6.3. Chemical bonding groups by C 1s of XLE membrane with 100 and 200 mg/L 
as SiO2 at pH 7.0 

Concentration 

mg/L as SiO2 

% of Atomic Concentration 

Aromatic/aliphatic

C-C/C-H 

Hydroxyl

C-OH 

Amide 

N-C=O 

Carboxyl

O-C=O 

Silicon carbide

Si-C 

Virgin 83.10 - 12.75 4.15 - 

100 44.60 31.64 14.08 1.86 7.82 

200 39.47 22.03 23.25 1.16 14.09 

 

High resolution narrow scans for Si 2p were also obtained from 96.0 eV to 104.0 

eV with a 0.1 eV resolution. As shown in Figure 6.5, the peak for Si 2p was centered 
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around 99.5 eV. Due to the higher silica uptake in oversaturated silica feed water, a 

stronger peak was observed in 200 mg/L as SiO2, while it was negligible in 100 mg/L as 

SiO2. These results were consistent with the elemental composition presented in Table 

6.2.  
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Figure 6.5. Si 2p spectra of XLE membrane with 100 and 200 mg/L as SiO2 at pH 7.0 

 

The deconvoluted spectra for Si 2p are illustrated in Figure 6.6 and detailed 

chemical groups bonded to silica are listed in Table 6.4. The position and the FWHM of 

each Si bonding group were kept constant during peak fitting. The four Si bonding 

groups were Si (or Si(OH)4) at 99.5 ~ 99.8 eV, SiO(OH)3
- at 100.5 ~ 100.8 eV, 

SiO2(OH)2
2- at 101.0 ~ 101.8 eV, SiO3(OH)3- at 102.0 ~ 102.6 eV, and SiO4(OH)4- at 
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103.5 ~ 103.9 eV (Ngamou et al. 2013; Roualdes et al. 2001). The majority (i.e., over 

90%) of silicates were Si(OH)4. SiO(OH)3
- and SiO2(OH)2- were also found in minor 

amounts.  The Si bonding groups were consistent with the species of existing silicates at 

pH 7.0. The silica deposition on the membrane was mainly composed of Si(OH)4.  
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Figure 6.6. Si 2p deconvoluted spectra of XLE membrane with 100 and 200 mg/L as 
SiO2 at pH 7.0 

 

Table 6.4. Chemical bonding groups by Si 2p of XLE membrane with 100 mg/L as SiO2 
at pH 7.0 

Concentration 

mg/L as SiO2 

% of Atomic Concentration 

Si SiO(OH)3
- SiO2(OH)2

2- SiO3(OH)3- SiO4(OH)4-

100 90.51 7.63 1.83 0.01 0.01 

200 96.82 3.14 0.03 - - 
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6.1.3. FTIR analysis with undersaturated and oversaturated SiO2 feed water 

Figure 6.7 shows the normalized FTIR spectra of each membrane by averaging 

1024 scans for wave numbers ranging from 1000 to 1800 cm-1. All peaks were 

normalized to the 1180 cm-1 peak of the virgin membrane, corresponding to the SO2 

stretching band. As presented in Chapter 5.3.3 ATR-FTIR spectra, the polyamide 

membrane had three major peaks at 1660, 1610, and 1541 cm-1 corresponding to C=O 

stretching of Amide , NⅠ -H stretching of amide group, and C-N stretching of Amide  Ⅱ

in aromatic polyamide layer. Additionally, C=O stretching of carboxylic acid was at 1450 

cm-1. The position of C=O stretching band of carboxyl group was not shifted after silica 

fouling, but the intensity of that band was decreased indicating the decrease of carboxyl 

group. In the zone of 1100 ~ 1500 cm-1, the bands in the polysulfone layer were 

characterized. The characteristic bands at 1180, 1245, and 1488 cm-1 were attributed to 

the symmetric SO2 stretching, C-O-C asymmetric stretching of aryl-O-aryl group, and 

aromatic in-plane ring bend stretching. These bands were not noticeably changed after 

silica fouling.  
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Figure 6.7. Normalized FTIR spectra of XLE membrane with 100 and 200 mg/L as SiO2 
at pH 7.0 

 

6.2. PH EFFECT ON SILICA FOULING 

6.2.1. Fouling tests with varied pH conditions 

The silica concentration in the feed water was the important factor to influence 

the structural change of the membrane, but not the sole factor to affect the fouling. To 

understand the silica fouling exactly, other external and chemical factors should be 

considered in elucidating the relation between silica fouling and chemical change of 

membrane structure. The pH condition was one of the most important factors to influence 

the silica species (Rothbaum 1979). Due to the dissociation of silicate above pH 8.0, 

silica presents as mainly unionized monosilicic acid (Si(OH)4) and partially ionized 
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silicates such as SiO(OH)3- and SiO2(OH)2-. Results from batch tests described in Section 

5.3. (Effects of pH on chemical bonding of membrane) showed that the presence of 

ionized silicates promoted the decrease of carboxyl group of the membrane. In this 

chapter, the fouling tests with different pH conditions were conducted to investigate the 

effect of pH on the carboxyl group of the membrane and fouling trend in RO system. 

Detailed test conditions are listed in Table 6.5. 

 

Table 6.5. Experimental conditions for flux decline of XLE membrane at pH 7.0 and 10.0 
with 100 mg/L as SiO2  

Initial Silica concentration, mg/L as SiO2 0 100 100 

(Calculated final silica concentration) - (152.9) (180.2) 

pH - 7.0 10.0 

Temp, ˚C 25 ~ 26 25 ~ 26 25 ~ 26 

Feed volume, L 20 24 24 

Pressure, bar (psi) 10.3 (150) 10.3 (150) 10.3 (150) 

Flow rate, L/min 3.0 3.0 3.0 

Initial flux, L/m2hr (lmh)  112.1 100.5 107.2 

Final flux, L/m2hr (lmh)  98.5 77.1 65.7 

Duration, hr 40.0 72.0 72.5 

Water recovery, % 38.8 34.8 44.7 

 



 99

Normalized flux (J/J0) as a function of permeate recovery (%) for pH 7.0 and pH 

10.0 with 100 mg/L as SiO2 are shown in Figure 6.8. The blank test with only MilliQ 

water showed a 13% flux decline for 38.8% recovery. For silica feed water, more flux 

declines were observed both at pH 7.0 and pH 10.0. At pH 7.0, the permeate flux 

decreased by 23% during the 72 hours run. After 30% permeate recovery, the flux decline 

was 22%. At pH 10.0, the permeate flux decreased by 39% for the 72.5 hour run. The 

flux decline after 30% recovery was 32%. Considerably more flux decline was observed 

at the higher pH condition. These results showed that the presence of ionized silicate at 

high pH condition had more severe fouling especially for undersaturated silica level. 

Traditionally, higher pH condition is favorable in silica control due to the increase of 

solubility limit (Chan 1989). Therefore, pH control such as lime softening and alkaline 

condition to prevent silica polymerization by increasing solubility is a useful strategy for 

the control of silica (Greenberg 1958; Sheikholeslamia et al. 2002). However, these 

results showed that high pH conditions were not always safe especially for undersaturated 

silica condition.  
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Figure 6.8. Flux decline of XLE membrane at pH 7.0 and 10.0 with 100 mg/L as SiO2  

 

6.2.2. XPS analysis with varied pH conditions 

The XPS survey scans with a pass energy of 80 eV were obtained by sweeping 

over 0 ~ 1200 eV with a resolution of 1 eV. Figure 6.9 shows the survey scans of each 

membrane. Detailed elemental compositions by atomic percentage are listed in Table 6.6. 

For silica fouling membranes, the silica uptake was observed both at pH 7.0 and pH 10.0. 

More silica was detected at pH 10.0, consistent with the result of flux decline. Due to the 

formation of SiO2 structure on the membrane, the oxygen increased after silica fouling. 

The ratio of oxygen to silica (O/Si) was 6.23 at pH 10.0, while this ratio was 11.38 at pH 

7.0. The formation of a silica gel layer was initiated by the silica polymerization at the 

membrane surface. At pH 10, both unionized monosilicic acid (Si(OH)4) and ionized 
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silicates (SiO(OH)3
- or SiO2(OH)2

2-) existed in the feed water. The presence of both 

unionized and ionized silicates was a more favorable condition to initiate silica 

polymerization in comparison to the condition (at lower pH) with only unionized 

monosilicic acid. Because of the variation of silica species at each pH condition, the silica 

gel formed rapidly at pH 10. The lower ratio of O/Si at pH 10.0 also indicated that the 

silica gel was in more condensed form than at pH 7.0. The high pH condition made a 

firmer deposit with less oxygen in the SiO2 structure, giving rise to more flux decline. 

The ratio of O/N increased significantly after silica fouling due to the increase of oxygen 

and the decrease of nitrogen. The carbon decreased by 4.92% at pH 7.0 and increased by 

7.0% at pH 10.0.  
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Figure 6.9. Survey spectra of XLE membrane at pH 7.0 and 10.0 with 100 mg/L as SiO2 
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Table 6.6. Elemental compositions of XLE membrane at pH 7.0 and 10.0 with 100 mg/L 
as SiO2 

pH % of Atomic Concentration O/N O/Si 

 
O N C Si  

virgin 11.88 10.90 77.23 - 1.09 - 

7.0 21.65 4.13 72.31 1.90 5.24 11.38 

10.0 12.62 1.03 84.33 2.02 12.31 6.23 

 

The narrow scans for C 1s were obtained by averaging 4 scans from 278 to 295 

eV with a resolution of 0.1 eV. The spectra of C 1s are illustrated in Figure 6.10. The 

virgin membrane had two major peaks at 285.0 eV and 288.2 eV corresponding to the 

aromatic/aliphatic (C-C/C-H) and amide (N-C=O) bonding group. At pH 7.0, the peak of 

aromatic/aliphatic and amide group decreased and an additional peak at 286.6 eV 

corresponding to the hydroxyl group appeared. These results showed that the amide 

group partially changed to the hydroxyl group by breaking nitrogen bonds and the 

aromatic/aliphatic group decreased by silica deposition. Interestingly, at pH 10.0, the 

peak intensity of aromatic/aliphatic group increased noticeably and the peak of the amide 

group almost disappeared. The decrease of carboxyl group was consistently observed at 

pH 7.0 and pH 10.0, but the change of aromatic/aliphatic group was not consistent at pH 

7.0 and pH 10.0.  

 



 103

Binding Energy (eV)

280282284286288290292294

C
P

S

0

1000

2000

3000

4000

blank
pH 7.0
pH 10.0

pH

with 100 mg/L as SiO2

 

Figure 6.10. C 1s spectra of XLE membrane at pH 7.0 and 10.0 with 100 mg/L as SiO2 

 

The deconvoluted spectra of C 1s at pH 7.0 and 10.0 are presented in Figure 6.11. 

At pH 7.0, three major peaks were at 285.0, 286.6, and 288.2 eV corresponding to the 

aromatic/aliphatic (C-C/C-H), hydroxyl (C-OH), and amide (N-C=O) group, respectively. 

Also, one minor peak was at 289.0 eV assigned to the carboxyl (O-C=O) group. Due to 

the silica deposition, an additional peak occurred at 284.5 eV corresponding to the silicon 

carbide (Si-C). At pH 10.0, three peaks appeared at 285.0, 286.6, and 288.2 eV. The 

aromatic/aliphatic group had the strongest peak sign and the hydroxyl and silicon carbide 

groups showed a similar peak intensity. The peak of amide group at pH 10.0 was lower 

than at pH 7.0. The silicon carbide also appeared at pH 10.0.  
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Figure 6.11. C 1s deconvoluted spectra of XLE membrane at pH 7.0 and 10.0 with 100 
mg/L as SiO2 

 

Detailed functionalized groups analyzed by CasaXPS are listed in Table 6.7. As 

illustrated in Figure 6.11, the hydroxyl (C-OH) group noticeably appeared as 31.64% at 

pH 7.0. Although additional hydroxyl group also appeared as 11.71% at pH 10.0, the 

percentage content was less than at pH 7.0. The aromatic/aliphatic and amide group 

changed at both pH condition, but the trends of change were not observed. The carboxyl 

group decreased at both pH condition. More decrease of the carboxyl group was observed 

at pH 10.0. Additionally, the silicon carbide due to the silica deposition appeared at both 

pH 7.0 and 10.0. More silicon carbide was observed at pH 10.0. These results also 

showed that the silica fouling trend in terms of flux decline was greatly affected by the 

content of carboxyl group in the membrane. The high pH condition in undersaturated 
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silica level was more likely to decrease the carboxyl group and deform the chemical 

structure of the membrane.  

Table 6.7. Chemical bonding groups by C 1s of XLE membrane at pH 7.0 and 10.0 with 
100 mg/L as SiO2 

pH % of Atomic Concentration 

Aromatic/aliphatic 

C-C/C-H 

Hydroxyl 

C-OH 

Amide 

N-C=O 

Carboxyl

O-C=O 

Silicon carbide 

Si-C 

Virgin 83.10 - 12.75 4.15 - 

7.0 44.60 31.64 14.08 1.86 7.82 

10.0 71.96 11.71 6.35 1.54 8.45 

 

The narrow spectra for Si 2p at pH 7.0 and pH 10.0 are presented in Figure 6.12. 

The peak intensity of Si 2p at pH 7.0 and pH 10.0 were slightly noisy and low. The peaks 

were centered around 99.5 eV. The peak at pH 10.0 was slightly higher than at pH 7.0 to 

show more silica deposition. 
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Figure 6.12. Si 2p spectra of XLE membrane at pH 7.0 and 10.0 with 100 mg/L as SiO2 

 

Figure 6.13 shows the deconvoluted Si 2p spectra at pH 7.0 and 10.0. Two major 

peaks were observed at 99.5 and 100.5 eV at both pH 7.0 and pH 10.0. No additional 

peak was analyzed at higher binding energy. Detailed Si bonded groups are listed in 

Table 6.8. At pH 7.0, the majority of silicates were unionized Si (Si(OH)4) above 90%. 

Minorly, ionized silicates (SiO(OH)3
- and SiO2(OH)2-) less than 10% were also analyzed. 

At pH 10.0, unionized Si (Si(OH)4) was still the majority component containing 88% and 

ionized silicates increased by 2.46% due to the ionization of silicates. These results 

showed that the majority component of silica deposition after fouling was unionized 

silica (Si(OH)4). 
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Figure 6.13. Si 2p deconvoluted spectra of XLE membrane at pH 7.0 and 10.0 with 100 
mg/L as SiO2 

 

Table 6.8. Chemical bonding groups by Si 2p of XLE membrane at pH 7.0 and 10.0 with 
100 mg/L as SiO2 

pH % of Atomic Concentration 

Si SiO(OH)3
- SiO2(OH)2

2- SiO3(OH)3- SiO4(OH)4- 

7.0 90.51 7.63 1.83 0.01 0.01 

10.0 88.90 10.09 1.01 - - 

 

6.2.3. FTIR analysis with varied pH conditions 

The normalized FTIR spectra at pH 7.0 and pH 10.0 are illustrated in Figure 6.14. 

All peaks were normalized to the SO2 stretching band at 1180 cm-1 of the virgin 

membrane. The virgin (blank) membrane had the Amide  band near 1663 cmⅠ -1 
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attributed to C=O stretching, C-N stretching, and C-C-N deformation vibration. After 

silica fouling, the Amide  band shifted to slightly higher wave number with lower peak Ⅰ

intensity. Due to the change of subpeaks composing the Amide  band, the peak Ⅰ

intensity decreased and the peak shifted to higher wave number. The major component of 

the c band is the C=O stretching motion. There are two types of the C=O stretching 

motions due to the hydrogen bonded (H-O-C) and non-hydrogen bonded (O=C) carbonyl 

group. The intensity decrease of the Amide  band was likely due to the concentration Ⅰ

change of the two sub-carbonyl peaks. The Amide  band can be deconvoluted into two Ⅰ

peaks with a lower wave number which is assigned to hydrogen bonded carbonyl group 

and a higher wave number which is assigned to non-hydrogen bonded carbonyl group. 

The peak-shift to a higher wave number indicated that the Amide  bands lost the C=O Ⅰ

character of hydrogen bonded carbonyl group. Therefore, due to the silica fouling, the 

C=O group decreased by decline of hydrogen bonded carbonyl group. The greater peak-

shift at pH 10 showed more decrease of the C=O group. The Amide  band which was Ⅱ

attributed to the N-H in-plane bending and N-C stretching of -CO-NH- group near 1541 

cm-1 decreased after silica fouling. The decrease of peak intensity was mainly due to the 

decline of the number of the N-H group. The interesting peak at 1450 cm-1 due to the 

C=O stretching of the carboxyl group also decreased after silica fouling. Consistently, the 

peak intensity at pH 10.0 was lower than at pH 7.0 to show more concentration decrease. 

Other bands at 1610 and 1488 cm-1 in polyamide layer and at 1245 cm-1 in polysulfone 

layer also showed very similar trend to decrease the peak intensity. All of these results 

mean that the structure of polyamide membrane was greatly affected by the presence of 
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ionized silicates in undersaturated silica condition and the membrane performance was 

also affected by the carboxyl group of the membrane.  
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Figure 6.14. Normalized FTIR spectra of XLE membrane at pH 7.0 and 10.0 with 100 
mg/L as SiO2 

 

6.3. SYNTHETIC WATER ON SILICA FOULING 

6.3.1. Fouling test with synthetic water 

To investigate the membrane performance by model water including other cations 

and anions as well as silica and consequent structural change of the membrane, the model 

solution synthesizing real water was used in this test. pH was adjusted to 7.0 during this 
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fouling test to avoid any precipitation of metal silicates. Detailed operational conditions 

and chemical compositions of synthetic water are listed in Table 6.9.  

 

Table 6.9. Experimental conditions for flux decline of XLE membrane with synthetic 
water 

Initial Silica concentration, mg/L as SiO2 - 100 

(Calculated final silica concentration) - (209.5) 

Calcium concentration, mg/L  - 300 

Magnesium concentration, mg/L  - 180 

Bicarbonate concentration, mg/L - 152.5 

pH - 7.0 

Temp, ˚C 25 ~ 26 25 ~ 26 

Feed volume, L 20 25 

Pressure, bar (psi) 10.3 (150) 10.3 (150) 

Flow rate, L/min 3.0 3.0 

Initial flux, L/m2hr (lmh)  112.1 94.5 

Final flux, L/m2hr (lmh)  98.5 50.5 

Duration, hr 40.0 108.7 

Water recovery, % 38.8 52.6 

 

Normalized flux (J/J0) with the permeate recovery (%) is presented in Figure 6.15. 

The flux decline of synthetic water was significant during the 108.7 hour run. The 
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permeate flux decreased by 48% after 52.6% recovery. For 30% permeate recovery, the 

flux decline of DI (using only MilliQ) and synthetic water were 12% and 30%, 

respectively. Additionally, the flux decline of silica only feed water (with 100 mg/L as 

SiO2 at pH 7.0) after 30% recovery was 22% (Not presented in this Figure 48, but more 

detailed flux decline data of this test was in Section 6.1.1. (Fouling tests)). These results 

showed a negative effect of the existence of other cations/anions on the silica fouling. 

Therefore, the real water containing more complex constituents was expected to have 

more severe silica fouling.  
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Figure 6.15. Flux decline of XLE membrane by synthetic water 
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6.3.2. XPS analysis of fouling test with synthetic water 

Figure 6.16 shows the survey scan of the membrane using the synthetic water 

with a pass energy of 80 eV with a resolution of 1 eV. The noticeable silica uptake was 

observed around 99.5 eV. The nitrogen content reduced significantly around 400 eV. 

Detailed elemental compositions are listed in Table 6.10. The O/N ratio of virgin (blank) 

membrane was 1.09, while the synthetic water membrane was 19.08. This dramatic 

change was due to the remarkable increase of oxygen and decrease of nitrogen of the 

synthetic water membrane. The oxygen increased by 21.7% and the nitrogen decreased 

by 9.14% in synthetic water membrane. Additionally, the silica was increased to 9.24%. 

The ratio of oxygen to silica (O/Si) was 3.63, reasonablyclose to 2.0 presenting the 

perfect (SiO2)n deposit structure by dehydrating process. For the fouling test with only 

silica (100 mg/L as SiO2), this ratio was 11.38 (Detailed elemental compositions are in 

Table 6.3). The rate of silica polymerization was reported to be catalyzed by the presence 

of the calcium and magnesium (Sheikholeslami 1999). The more condensed structure of 

silica deposit in the synthetic water was caused by the presence of metal ions to 

accelerate the silica polymerization followed by the condensation process to expel the 

water molecules.   
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Figure 6.16. Survey scan of XLE membrane with synthetic water 

 

Table 6.10. Elemental compositions of XLE membrane with synthetic water 

Membrane % of Atomic Concentration O/N O/Si 

 
O N C Si  

virgin 11.88 10.90 77.23 - 1.09 - 

synthetic 33.58 1.76 55.42 9.24 19.08 3.63 

 

The narrow scan for C 1s is presented in Figure 6.17. The virgin (blank) 

membrane had two major peaks around 285.0 eV and 288.2 eV and one minor peak 

above 290.0 eV. For the membrane treating synthetic water, one major peak at 285.0 eV 

drastically decreased and the other major peak at 288.2 eV was merged to the additional 
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peak at 286.5 eV. The minor peak around 290.0 eV disappeared in the synthetic water 

membrane. The peak around 290.0 eV corresponded to the carboxyl (O-C=O) group. The 

missing peak at 290.0 eV indicated the significant concentration decrease of the carboxyl 

group. 
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Figure 6.17. C 1s spectra of XLE membrane with synthetic water 

 

Figure 6.18 presents the deconvoluted C 1s spectra of (a) virgin (blank) and (b) 

synthetic water membrane. For the synthetic water membrane, two additional peaks were 

observed around 284.5 eV and 286.5 eV, corresponding to the silicon carbide (Si-C) and 

hydroxyl (C-OH) group. The amide (N-C=O) group at 288.2 eV was merged to the 

hydroxyl group at 286.5 eV after synthetic water fouling test. The strongest peak at 285.0 
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eV corresponding to the aromatic/aliphatic (C-C/C-H) group appeared to be redistributed 

to the silicon carbide (Si-C) and hydroxyl (C-OH) group. The carboxyl group (O-C=O) 

around 290 eV was negligible. 
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Figure 6.18. C 1s deconvoluted spectra of (a) virgin and (b) fouled XLE membrane with 
synthetic water 

 

Detailed functionalized groups of the synthetic water membrane are listed in 

Table 6.11. A noticeable change in aromatic/aliphatic (C-C/C-H) group was observed 

from 83.10% of the virgin membrane to 29.48% of the synthetic water membrane. The 

hydroxyl group (C-OH) appeared to 42.79%. Consistently, the carboxyl group (O-C=O) 

decreased by 2.46%, showing the relation between the flux decline and the change of 

carboxyl group in polyamide membrane. Due to the silica deposition, the silicon carbide 

(Si-C) of 9.25% was also observed.  
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Table 6.11. Chemical bonding groups by C 1s of XLE membrane with synthetic water 

Membrane % of Atomic Concentration 

Aromatic/aliphatic 

C-C/C-H 

Hydroxyl 

C-OH 

Amide 

N-C=O 

Carboxyl 

O-C=O 

Silicon carbide

Si-C 

virgin 83.10 - 12.75 4.15 - 

synthetic 29.48 42.79 16.79 1.69 9.25 

 

The deconvoluted spectra for Si 2p to investigate the species on the silica 

deposition are presented in Figure 6.19. The strong peak was observed around 99.5 eV. 

The fouling test using synthetic water was carried out at pH 7.0. In this pH condition, the 

majority of silicates is unionized monosilicic acid (Si(OH)4). The spectra of Si 2p also 

showed that the silica deposition was mainly composed of unionized monosilicic acid. 

Detailed species of Si bond are listed in Table 6.12. The major constituent was Si (or 

Si(OH)4) of 95.62%.  
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Figure 6.19. Si 2p deconvoluted spectra of XLE membrane with synthetic water 

 

Table 6.12. Chemical compositions by Si 2p of XLE membrane with synthetic water 

Membrane % of Atomic Concentration 

Si SiO(OH)3
- SiO2(OH)2

2- SiO3(OH)3- SiO4(OH)4- 

synthetic 95.62 4.38 - - - 

 

6.3.3. FTIR analysis of fouling test with synthetic water 

Figure 6.20 illustrates the normalized FTIR spectra of the synthetic water 

membrane. This peak was normalized to the SO2 stretching band at 1180 cm-1 of the 

virgin membrane. In polyamide layer, the Amide  band mainly due to the C=O Ⅰ
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stretching was near 1663 cm-1 and the Amide  band attributed to the NⅡ -H bending was 

near 1541 cm-1. These two main bands in polyamide layer were not shifted, but the peak 

intensity of the Amide  band decreased slightly due to the decreased concentration of Ⅱ

the N-H group. The peak near 1450 cm-1 corresponding to the C=O stretching of the 

carboxyl group also decreased slightly. Interestingly, the peak near 1488 cm-1 attributed 

to the aromatic in-plane ring bend stretching decreased noticeably. The decrease of the 

aromatic group was consistent with XPS study to investigate the functionalized groups by 

analyzing C 1s narrow spectra (in Table 6.11). 
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Figure 6.20. Normalized FTIR spectra of fouled XLE membrane with synthetic water 
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6.4. CLEANING REVERSIBILITY ON SILICA FOULING 

6.4.1. Fouling tests with membrane cleaning 

The flux reversibility and structural change of the membrane by chemical 

cleaning were investigated in this part of the study. After a silica fouling test with 100 

mg/L as SiO2 at pH 7.0, the membrane cleaning was carried out with sodium hydroxide 

(NaOH) solution. To avoid any membrane damage by cleaning chemicals, only 0.1% (w) 

NaOH was used in cleaning procedure, adapted from the technical manual of FilmtechTM 

Reverse Osmosis membranes (Dow Water & Process Solutions 2011). This alkaline 

cleaner (pH > 10.5) was circulated for 1 hour and then drained from the system. Then, the 

permeate flux was monitored with MilliQ feed water. Detailed experimental conditions of 

the fouling and cleaning test are listed in Table 6.13.  
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Table 6.13. Experimental conditions for flux decline of XLE membrane with short-term 
fouling test and long-term fouling test followed by NaOH cleaning  

  S* L+C* 

Fouling Initial silica conc., mg/L as SiO2 100 100 

(Calculated final silica conc.) (152.9) (165.9) 

pH 7.0 7.0 

Temp, ˚C 25 ~ 26 25 ~ 26 

Feed volume, L 20 45 

Pressure, bar (psi) 10.3 (150) 10.3 (150) 

Flow rate, L/min 3.0 3.0 

Initial flux, L/m2hr (lmh)  107.4 111.1 

Final flux, L/m2hr (lmh)  77.1 66.9 

Duration, hr 52.5 116.9 

Water recovery, % 34.8 39.9 

Cleaning Cleaning duration, hr  1.0 

After cleaning Feed volume, L  20 

Initial flux, L/m2hr (lmh)  79.7 

Final flux, L/m2hr (lmh)  72.0 

Duration, hr  56.3 

Water recovery, %  58.1 

*S denotes a short-term fouling test and L+C denotes a long-term fouling test 
followed by cleaning test. 
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A long-term silica fouling test was performed for 116.9 hours to have substantial 

silica fouling and then DI (using only MilliQ) was run for 56.3 hours following the 

cleaning procedure for 1 hour. To compare the membrane performance, a short-term 

silica fouling test was carried out for 52.5 hours. Figure 6.21 shows the permeate flux (Jv, 

L/m2hr) with the running time (hr). The permeate flux of the long-term test decreased by 

41% after 116.9 hours run, while the flux in the short-term test decreased by 23% after 

52.5 hours run. In the long-term silica fouling test, after 52.5 hours run, the permeate flux 

had decreased by 28%, reasonably close to that in the short-term test. After the cleaning 

procedure, the permeate flux recovered from 66.9 lmh to 78.9 lmh. The recovered flux 

was only 11.0% (based on the original flux). The alkaline cleaning was not able to 

recover the permeate flux to the original one. This result indicated that the silica was 

strongly deposited on the membrane surface.  
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Figure 6.21. Flux decline of fouled and cleaned XLE membrane 

 

6.4.2. XPS analysis of silica fouling test with membrane cleaning 

Figure 6.22 shows the survey spectra of the fouled and cleaned membrane with a 

pass energy of 80 eV by sweeping over 0 ~ 1200 eV with a resolution of 1 eV; the 

“fouled” membrane is from the end of the short-term fouling test and the “cleaned” 

membrane is from the long-term test after the cleaning. The survey spectra had main 

peaks around 535, 400, and 285 eV corresponding to the oxygen, nitrogen, and carbon, 

respectively. An additional peak appeared around 100 eV, indicating the silica. Due to the 

longer fouling duration, the cleaned membrane had a higher silica peak than the fouled 

membrane. Detailed elemental compositions are listed in Table 6.14.  After the short-

term fouling test, the oxygen increased noticeably to show the formation of SiO2 layer on 
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the membrane. The ratio of oxygen to silica (O/Si) was 11.38, suggesting a high-water 

content. Due to the formation of SiO2 deposit on the membrane, the nitrogen and carbon 

decreased. The ratio of oxygen to nitrogen (O/N) of the virgin (blank) membrane was 

1.09, while the ratio on the short-term fouled membrane was 5.24. The silica content of 

1.90% was detected. After the long-term fouling test followed by the membrane cleaning, 

the oxygen increased by only 3.06%. However, the silica uptake drastically increased to 

over 10%. A remarkable decrease in the ratio of O/Si from 11.38 to 1.41 showed that the 

silica gel layer containing high water content lost the oxygen in the silica structure 

through the basic (pH > 10.0) cleaning procedure. In alkaline condition, the dissolute of 

aqueous silica is presented by Equation 9 (Iler 1979). 

 

 2 →

2 2 → 	

3 2 → 	

 

Eq. 9 

Alkaline condition also catalyzes the dissolution of silica (Jendoubi et al. 1997; Niibori et 

al. 2000). Due to the silica dissolution by NaOH cleaning (pH > 10.0), substantial oxygen 

seemed to be lost from the silica gel layer ((SiO2)n structure). Therefore, the ratio of O/Si 

after NaOH cleaning was only 1.41 less than 2.0, representing fully condensed silica gel 

structure. The ratio of O/N was 4.70 which was slightly lower than the sort-term fouling 

test membrane.  
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Figure 6.22. Survey spectra of fouled and cleaned XLE membrane 

 

Table 6.14. Elemental compositions of fouled and cleaned XLE membrane 

Membrane % of Atomic Concentration O/N O/Si 

 
O N C Si  

virgin 11.88 10.90 77.23 - 1.09 - 

fouled 21.65 4.13 72.31 1.90 5.24 11.38 

cleaned 14.94 3.18 71.33 10.55 4.70 1.41 

 

Figure 6.23 presents the narrow scan for C 1s spectra of the fouled and cleaned 

membrane with a resolution of 0.1 eV. Due to the formation of a silica gel layer on the 
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membrane, an additional peak was observed around 286.0 eV indicating the hydroxyl (C-

OH) group. The peak intensity of the hydroxyl group in the cleaned membrane was 

higher than in the fouled membrane. The peak around 288.5 eV decreased noticeably 

both in the fouled and cleaned membranes. The peak above 290 eV almost disappeared 

after short-term fouling, and the long-term fouling test with basic cleaning indicated a 

significant decrease of concentration of the carboxyl (O-C=O) group.  
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Figure 6.23. C 1s spectra of fouled and cleaned XLE membrane 

 

The deconvoluted C 1s peaks of (a) the virgin, (b) fouled, and (c) cleaned 

membrane are presented in Figure 6.24. The hydroxyl (C-OH) group was observed 

around 286.5 eV in both the fouled and cleaned membranes. Due to the formation of SiO2 
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structure on the membrane, the peak around 284.5 eV newly appeared to show the silicon 

carbide (Si-C) group. Noticeably, the carboxyl (C-O=O) group almost disappeared both 

in the fouled and cleaned membranes. Detailed analysis of the functionalized groups is 

listed in Table 6.15. The aromatic/aliphatic (C-C/C-H) group remarkably decreased in the 

fouled and cleaned membranes. The cleaning procedure more decreased the 

aromatic/aliphatic group and increased the hydroxyl group in comparison to the fouled 

membrane. The carboxyl (O-C=O) group of the fouled and cleaned membranes decreased 

by 2.29% and 2.88%, respectively. A greater amount of the silicon carbide group was 

observed in the cleaned membrane due to the longer fouling duration. These results 

showed that the fouling membrane had a higher signal of the hydroxyl and silicon carbide 

groups and lower signal of the carboxyl group. However, the basic (pH > 10.0) cleaning 

procedure was not able to recover the content of the carboxyl group, which is considered 

to be the important factor in the membrane performance.  
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Figure 6.24. C 1s deconvoluted spectra of (a) virgin, (b) fouled, and (c) cleaned XLE 
membrane 
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Table 6.15. Chemical bonding groups by C 1s of fouled and cleaned XLE membrane 

Membrane % of Atomic Concentration 

Aromatic/aliphatic 

C-C/C-H 

Hydroxyl

C-OH 

Amide 

N-C=O 

Carboxyl 

O-C=O 

Silicon carbide

Si-C 

virgin 83.10 - 12.75 4.15 - 

fouled 44.60 31.64 14.08 1.86 7.82 

cleaned 21.16 40.82 24.07 1.27 12.68 

 

The narrow scans for Si 2p are presented in Figure 6.25. Compared to the fouled 

membrane, the cleaned membrane had a strong peak around 99.5 eV due to the longer 

duration time. Figure 6.26 shows the deconvoluted spectra of cleaned membrane. Major 

species of Si on the membrane was unionized Si (or Si(OH)4) consistent with the 

previous results. Detailed Si species are listed in Table 6.16. After the short-term fouling 

test, the silica deposition was mainly composed of Si (or Si(OH)4) and, to a much less 

degree, SiO(OH)3
-. After the long-term fouling test followed by a basic (pH > 10.0) 

cleaning, unionized Si (Si or Si(OH)4) was over 98% and ionized silicates were 

negligible.  
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Figure 6.25. Si 2p spectra of fouled and cleaned XLE membrane 

 



 130

Binding Energy (eV)

9698100102104

C
P

S

0

100

200

300

400

Si 2p
Si
X3SiO

X2SiO2

cleaning

 

Figure 6.26. Si 2p deconvoluted spectra of cleaned XLE membrane 

 

Table 6.16. Chemical bonding groups by Si 2p of XLE membrane with cleaning 

Membrane % of Atomic Concentration 

Si SiO(OH)3
- SiO2(OH)2

2- SiO3(OH)3- SiO4(OH)4- 

fouled 90.51 7.63 1.83 0.01 0.01 

cleaned 98.76 0.99 0.25 - - 

 

6.4.3. FTIR analysis of fouling test with membrane cleaning 

Figure 6.27 shows the normalized FTIR spectra of the fouled and cleaned 

membranes by averaging 254 scans for wave numbers from 1400 to 1700 cm-1. All peaks 
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were normalized to the aromatic in-plane ring bend stretching at 1488 cm-1. The 

polyamide layer had three major bands around 1660, 1610, and 1541 cm-1, corresponding 

to the C=O stretching of the Amide , NⅠ -H stretching of amide group, and C-N 

stretching of the Amide . Additionally, a minor band of the C=O stretching of the Ⅱ

carboxyl group was around 1450 cm-1. The intensity of all bands decreased after fouling 

and cleaning to show the decrease of concentration in each corresponding group. The 

slight peak-shift as well as an intensity decrease were observed in the Amide  band at Ⅱ

1541 cm-1 after the cleaning procedure. This showed that the number of the N-H group 

decreased and the hydrogen (C-OH) bonds were broken. The C=O band of the carboxyl 

group was not shifted, but the peak intensity decreased after fouling and cleaning.  
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Figure 6.27. Normalized FTIR spectra of fouled and cleaned XLE membranes 

 

6.5. SUMMARY 

In this chapter, the changes of chemical bonding groups by silica fouling were 

analyzed. The silica uptake was accompanied with an increase of oxygen, indicating the 

formation of SiO2 structure on the membrane surface. By analyzing the ratio of oxygen to 

silica (O/Si), the characteristics of the silica deposit layer could be ascertained. More 

condensed and firm deposit layer had the ratio of O/Si close to 2. The silica fouling was 

affected by the feed water quality and conditions. The presence of ionized silicates at 

higher pH condition seemed to have more negative effect on the membrane performance 

than the silica concentration in the feed water. 
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 After silica fouling, the aromatic/aliphatic (C-C/C-H) group decreased 

significantly and the silicon carbide (Si-C) and hydroxyl (C-OH) appeared. These 

bonding changes showed that the aromatic/aliphatic group partially transformed to the 

hydroxyl (C-OH) group. The hydrophilic groups, such as the carboxyl acid or amines, 

can allow the covalent attachment of a binding ligand by reducing the non-specific 

binding (Maeda et al. 1995). Therefore, the carboxyl group of the membrane had a 

hydrogen bonding with OH groups of the silica deposit layer (Schmidt et al. 2010). Then, 

the silica bonded to the carbon by intermolecular rearrangement and formed the silicon 

carbide as illustrated in Figure 6.28.The change in the carboxyl group was at least 

partially responsible for the flux decline due to the hydrophilicity of the carboxyl group. 

The irreversibility of silica fouling seems to be strongly related to the irreversible 

decrease of the carboxyl group of the polyamide membrane.  
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Figure 6.28. Formation of silicon carbide (Si-C) 
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Chapter 7 Conclusions and Recommendations 

This dissertation focused on characterizing the chemical interactions between 

dissolved silicates and functionalized groups of polyamide membrane to understand the 

structural change of the membrane by silica fouling in the RO system. The polyamide 

membrane is made of 1,3-benzenediamine (m-phenylenediamine) and trimesoyl chloride 

(1,3,5-benzentricarbonyl chloride), having carboxyl (-COOH) and amide (-CONH-) 

functionalized groups. The first step of silica fouling involved the deposition of silica on 

the membrane surface followed by a reaction with functionalized carboxyl/amide groups. 

These chemical interactions of silicates with the carboxyl/amide groups in the silica-

nucleation step were considered to be the key step in the silica fouling. The significance 

of this study was to describe the irreversibility of the silica fouling in terms of the 

structural change of the membrane by silica. The main findings are discussed according 

to each chapter.  

 

7.1. CHARACTERIZING THE SILICA CHEMISTRY 

In chapter 4, the chemical properties of monomeric and colloidal silica were 

characterized in the batch experiments. The propensities for silica fouling by monomeric 

and colloidal deposits were examined using the crossflow RO system. The main findings 

are as follows: 

 

 Above the solubility limit (130 mg/L as SiO2 at 25 ˚C and pH 7.5), the dissolved 

silica polymerized to form colloidal silica and the balance of dissolved and 

colloidal silica eventually approached a steady state (equilibrium state).  
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 The rate of silica polymerization increased with the degree of supersaturation. 

 At pH 6.5, neither the dissolved silica nor the colloidal silica were deposited on 

the membrane. The surface of colloidal silica had a negative charge due to the 

presence of numerous silanol (=Si-OH) groups. Since the isoelectric point of 

BW30 membrane was pH 5, the membrane surface also had a negative charge at 

pH 6.5. The electrostatic interaction between silicates and membrane surface did 

not allow any silica deposition on BW30 membrane. The dissolved silica at pH 

6.5 existing as unionized monosilicic acid (Si(OH)4) was not deposited on the 

membrane surface.  

 Above pH 8.0, unionized monosilicic acid partially began to be ionized to 

silicates such as SiO(OH)3
- or SiO2(OH)2

2-. While the overall surface charge of 

BW30 was negative, it had partially positive charge due to the presence of amide 

(-NH3
+) group. Therefore, ionized silicates were able to be electrostatically 

attracted to the positively charged spot and to deposit on the membrane surface.  

 For undersaturated silica condition (< 100 mg/L as SiO2), the effect of silica 

concentration on the flux decline was insignificant. Instead, the composition of 

silica species according to the pH condition determined the fouling trend. The 

presence of multivalent cations was not catalyzing the silica polymerization in 

undersaturated silica conditions, but the permeate flux was affected by the 

deposition of these cations as well as silicates.  
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7.2. ELUCIDATING THE CHEMICAL INTERACTIONS BETWEEN SILICATES AND 

FUNCTIONALIZED GROUPS OF THE MEMBRANE 

In chapter 5, the structural change of functionalized groups by silica deposition 

wasinvestigated by X-ray photoelectron spectroscopy (XPS) and attenuated total 

reflection – Fourier transform infrared spectroscopy (ATR – FTIR). In this research, 

polyamide-based membranes (XLE, BW30, and NF270) with different chemical 

compositions and chemical properties were used to characterize the chemical interactions 

of silicates with membranes. Both XLE and BW30 are fully aromatic polyamide RO 

membranes, made of 1,3-benzenediamine and trimesoyl chloride. Additionally, BW30 

has an additional special coating layer made of aliphatic polymer having many hydroxyl 

(-COH) groups on top of the polyamide layer. NF270 is a semi-aromatic polyamide NF 

membrane, made of piperazineamide and trimesoyl chloride. 

 

 The virgin XLE was close to the theoretical condition of a fully cross-linked 

polyamide membrane, having O/N ratio of 1.25. Higher oxygen content of the 

virgin BW30 indicated that the special coating layer was rich in oxygen. The 

elemental composition of the virgin NF270 was very close to that of the XLE 

membrane. All of these membranes were primarily composed of the 

aromatic/aliphatic (C-C/C-H) group and functionalized with amide (N-C=O) and 

carboxyl (O-C=O) groups. Due to the oxygen-rich coating layer, the additional 

hydroxyl (C-OH) group appeared in BW30.  

 The supersaturated silica (300 mg/L as SiO2) was the favorable condition for the 

silica deposition. However, XLE membrane also allowed a minor uptake of silica 
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in undersaturated silica condition (100 mg/L as SiO2). The silica deposited on the 

membrane was indicated by the increase of the oxygen and silica contents and 

the decrease of carbon content. This change of chemical composition indicated 

that the SiO2 structure covered the membrane surface. Due to the deposition of 

silica, silicon carbide (Si-C) appeared and the carboxyl group decreased as the 

uptake of silica on the membrane increased. Ionized silicates were more likely to 

decrease the carboxyl group than unionized monosilicic acid. The results of ATR-

FTIR were consistent with the results of XPS that the carboxyl group was greatly 

affected by silicates.  

 

7.3. DESCRIBING THE SILICA FOULING PROCESS WITH CHEMICAL INTERACTIONS IN 

THE RO SYSTEM 

In chapter 6, the silica fouling tests were carried out to examine the structural change 

by silica deposition with a focus on the carboxyl group of the membrane. The main goal 

of this chapter was to describe the membrane performance with the change of carboxyl 

group of the membrane by silica fouling. XLE membrane was selected to perform the 

fouling test on the crossflow RO system. X-ray photoelectron spectrometer (XPS) was 

used to investigate the bonding change by silica fouling, and these results were 

supplemented with attenuated total reflection – Fourier transform infrared spectroscopy 

(ATR – FTIR).  

 



 138

 At concentration less than 200 mg/L as SiO2 at pH 7.0, the effect of silica 

concentration was negligible on the flux decline. However, significant silica 

uptake occurred in 200 mg/L as SiO2, while only 1.90 % of silica was detected in 

100 mg/L as SiO2. The silica uptake was accompanied with the increase of 

oxygen content, indicating the formation of a SiO2 structure on the membrane 

surface. Due to concentration polarization effects, highly concentrated silicates 

near the membrane surface had great propensity to form Si-O-Si anhydride bonds. 

As a result, a soft gel layer with high water content was formed. The 

accumulated silica gel layer aged to form a more condensed (SiO2)n structure by 

expelling the water molecules. Therefore, the ratio of oxygen to silica (O/Si) of a 

condensed (SiO2)n network structure would be close to 2.0. This ratio with 200 

mg/L as SiO2 feed water was 1.99, while with 100 mg/L as SiO2 feed water, it 

was 11.38. After silica fouling, the aromatic/aliphatic (C-C/C-H) group decreased 

drastically and partially transformed to hydroxyl (C-OH) group. The presence of 

silicon carbide (Si-C) indicated that the silica bonded to the carbon source 

partially in the carboxyl group by substituting for the oxygen. The carboxyl 

group decreased as silica concentration in the feed water increased. Interestingly, 

the decrease of the carboxyl group in the membrane impacted the flux decline. 

The carboxyl group came from the hydrolysis of trimesoyl chloride at the 

polyamide interface; since the trimesoyl chloride is responsible for the increased 

hydrophilicity and consequently the increased water permeability of the XLE 
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membrane, its destruction by silica fouling led to the flux decline. The majority 

of the silica deposit was Si(OH)4. 

 The presence of ionized silicates aggravated the decrease of the carboxyl group 

and the flux decline. FTIR measurement verified that the hydrogen bonded 

carbonyl group (H-O-C) composing Amide  band decreased at pH 10.0. Ⅰ  

 The model water was used to investigate the effect of multivalent cations/anions 

on the structural change of the membrane. Silica deposition was observed, but 

deposition of other metals was not observed. The ratio of O/Si was 3.63, 

reasonably close to the theoretical value of 2.0 for condensed silica. The presence 

of multivalent ions catalyzed the silica polymerization and accelerated the 

formation of condensed (SiO2)n structure. Consistently, the decrease of carboxyl 

group was observed.  

 Membrane cleaning was carried out to investigate the reversibility of silica 

fouling and structural bonding change. After 1 hour of membrane cleaning with 

0.1 % NaOH solution, the flux recovered by only 11.0 %. The cleaning 

procedure decreased the ratio of O/N from 5.24 to 4.7, indicating the decrease of 

oxygen content. Also, the ratio of O/Si was decreased from 11.38 to 1.41. These 

showed that the silica gel layer with high water content lost the oxygen in the 

(SiO2)n structure by the basic (pH > 10.0) cleaning procedure. The carboxyl 

group was not recovered, but instead was decreased more.  
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7.4. IMPLICATIONS OF THIS STUDY  

Typically, recent studies about silica fouling have been performed at supersaturated 

silica conditions, even though the silica concentration in natural waters is nearly always 

undersaturated (i.e.,< 1mM). Moreover, the key step in the silica fouling might be the 

chemical interactions between silicates and membrane surface. Therefore, the chemical 

interactions of silicates with the membrane surface, especially in undersaturated silica 

condition, should be a particular focus to understand silica fouling mechanism in natural 

conditions. The results of this study provide insight into how functionalized groups of 

polyamide membrane are influenced by silicates and how these structural changes impact 

the membrane performance. This study contributes to the fundamental understanding to 

improve antifouling property through appropriate surface modifications that can alleviate 

the deposition of silica foulants or to prevent the deformation of chemical bonding groups 

of the membrane.  

 

7.5. RECOMMENDATIONS 

The following points may be recommended for the followup of the research reported 

in this dissertation. 

 

 For surface analysis, all membrane samples were dried prior to the measurements. 

The soft silica gel layer on the membrane might have had some water molecules 

prior to drying. By the membrane drying procedure, the loss of oxygen content or 

partially structural changes could be suspected. Therefore, in future work, not 
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only dry samples but also wet samples should be compared to make it clear about 

the drying effects on the membrane structure. 

 The carboxyl group was affected by the chemical conditions of silicates such as 

the degree of supersaturation, pH, and the presence of other metal ions. Other 

chemical factors such as temperature or ionic strength (IS) could be considered 

as an important condition to influence the carboxyl group or other functionalized 

groups of the polyamide membrane. Not only chemical factors, but also 

operational conditions in fouling tests such as applied pressure or flow rate 

should be studied to better understand the structural change of the membrane by 

silicates.  

 In this study, fouling tests were designed with 100 mg/L as SiO2 for 72 hours. 

However, the dissolved silica in natural water is less than 1mM (60 mg/L). More 

long-term tests with lower silica concentration should be studied to reflect the 

real system situation. Additionally, the real water could be used in the fouling 

tests.  

 The cleaning procedure was for 1 hour recycling with 0.1% NaOH. Other 

cleaning agents could be tested to study the reversibility of silica deposition and 

effects on the membrane performance.     

 Although BW30 membrane is a fully aromatic polyamide membrane, it was not 

selected to perform the fouling test due to the complex surface chemistry of the 

polyamide layer. Compared to XLE membrane, BW30 had many hydroxyl group 

and detailed chemical information has not been reported. It is unclear how 
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carboxyl group might be affected by the presence of other functionalized groups 

except the amide group. Other membranes with various chemical properties by 

surface modifications could be studied. 
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Appendix A: Molybdosilicate method reagent preparation                   

Hydrochloric acid, HCl, 1:1. 

Oxalic acid: Dissolve 10 g of oxalic acid (H2C2O4·2H2O) in 100 mL deionized water. 

Ammonium molybdate reagent: Dissolve 10 g of ammonium molybdate 

((NH4)6Mo7O24·4H2O) in 100 mL deionized water. Adjust to a pH of 7 to 8 with NaOH 

to prevent ammonium molybdate solution from precipitation. Store in a polyethylene 

bottle to avoid any silica leaching out from container.  

Silica stock solution: Dissolve 4.73 g of disodium metasilicate nonahydrate 

(Na2SiO3·9H2O) in deionized water and dilute to 1 L.  

Standard silica solution: Dilute 10.0 mL stock solution to 1 L deionized water. 1 mL = 

10.0 µg SiO2. Store in a tightly sealed polyethylene bottle.  

The dissolved and total silica were measured by Ultraviolet-visible (UV) 

spectrometer with 452 nm wavelength and Inductively couple plasma (ICP) with 

251.611 nm wavelength. The concentration of dissolved and total silica is proportional 

to the UV absorbance and ICP intensity, respectively.  
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Figure A 1. UV standard curve for the measurement of dissolved silica by the 
silicomolybdate method. 
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Figure A 2. ICP standard curve for the measurement of total silica. 
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Appendix B: Calculations of reaction order and rate constants                  

The equation derivations are as follows: 

	

	

1  

1
 

1
 

 

The equilibrium constant (Ce) was taken to be 130 mg/L as SiO2. The reaction order (n) 

and rate constant (k) were calculated by Excel Solver Equation. The best fitted reaction 

orders were in the range of 1.91 ~ 2.74 and the rate constants were in the range of 0.0969 

~ 0.997. These parameters were fit for all of the kinetic experiments, and the results are 

shown in Table B.1 
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Table B 1. Calculation about reaction order and rate constants 

Silica Best fit 

mg/L as SiO2 n k R2 

300 2.39 0.09686 0.9303 

350 2.09 0.22819 0.9799 

400 2.74 0.42163 0.9768 

450 2.26 0.70506 0.9703 

500 1.91 0.99699 0.9116 

500 (350*) 3.75 9.514 0.9146 

500 (850*) 3.63 10.600 0.8987 

* The values in parentheses refer to the hardness in mg/L as CaCO3. 
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Appendix C: Calculation of silica deposit depth 

The deposited silica mass was estimated based on the mass balance. 

 

	 	 ∙ 	 	 ∙ 	  

 

Deposit	depth 	
	

	 	 1
 

 

Deposited massmembrane : the mass of silica deposit on the membrane surface (mg) 

Cinitial feed : the concentration of initial silica in the feed water (mg/L) 

Vinitial feed : the initial volume of the feed water (L) 

Cfinal feed : the concentration of final silica in the feed water (mg/L) 

Vfinal feed : the final volume of the feed water (L) 

Deposit depth : the depth of deposited silica layer on the membrane (cm) 

ρ : density of SiO2 (2.65 g/cm3) 

φ : porosity of the deposit (0.624 (Essien et al. 2012)) 

 

The deposited silica depths were estimated from the fouling tests in Section 4.2 by using 

BW30 membrane, and these estimates were then used to help interpret the results from 

the XLE emebrane experiments. The final concentrations of the feed water were not 

measured in the XLE experiments. 
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Table C 1. Estimated deposit depth 

SiO2 (mg/L as SiO2) Deposited mass (mg) Depth (nm) 

50 4.20 0.83 

100 7.49 1.49 

200 27.98 5.56 

 

  



 149

Appendix D: Salt rejection (%) of fouling tests                        

The salt rejection was calculated from the concentration of salt in the permeate 

(Cp) and feed (Cf) water. 
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Figure D.1. Salt rejection (%) of fouling tests 
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