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Abstract 

Currently, complex nanostructures can be synthesized in two distinct forms: non-porous 

aggregates that maintain their structure when subject to external pressure but have poor 

flow characteristics, and highly porous particles or particle aggregates that are permeable 

to flow but collapse and stack under external pressure. The development of support 

materials for filtration and catalysis that maintain high throughput, resist fouling, and 

maintain high internal pore accessibility are therefore of great interest.  

In this work, our primary objective was to synthesize a nanostructure by self-assembling 

nanoplatelets in a hierarchical structure. We sought to develop a material that in filtration 

would be highly permeable to flow, and maintain its structure when subject to external 

pressure. As a catalyst, we desired a material that provided easy access of reactants to its 

internal structure, and release of products to the bulk media in order to improve the 

catalyst specificity. We successfully synthesized this material and determined that the 

concentrations of ethanol and surfactant in the synthesis mixture controlled the 

morphology of the nanoparticles in the hierarchically-structured material (HSM). 

We compared the performance of our HSM to commonly-used filtration aids during the 

filtration of a colloidal solution. Our HSM rapidly reduced the turbidity of the colloidal 

solution to <0.10 NTU at a flux that was up to 28 times higher than the fluxes obtained by 

the commonly-used filtration aids. Subsequently, we developed a protocol to immobilize 

lipase from crude porcine pancreas (cPPL), Candida rugosa (CRL), and Candida antarctica 

(CALB) onto the support material. We assessed the specific hydrolytic activities of 

immobilized crude porcine pancreas and Candida rugosa to determine the optimum 

synthesis conditions to produce the most effective HSM support. We determined that 
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synthesizing our HSM in 50 vol% ethanol-water followed by a 24 h epoxysilane treatment 

process produced particles with the highest lipase immobilized and retained (16.7 + 0.2 mg 

cPPL / g support and 39.7 + 0.9 mg CRL / g support). Extended silylation of the supports 

beyond 24 h was found to not significantly increase enzyme immobilization. Finally, we 

assessed the performance of immobilized CALB on our support material in a batch reactor 

for the reduction of free fatty acids (FFA) in acidic oil. The immobilized enzyme produced 

in this work rapidly reduced the FFA content during the initial 2 to 4 h of each run and 

maintained the FFA content below 0.50 wt% for up to 56 h even after being reused 5 times. 

CALB immobilized on TAN showed high reusability with no observable reduction in 

immobilized catalyst activity. 
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Résumé 

Les nanostructures complexes peuvent être synthétisées sous deux formes distinctes: des 

agrégats non poreux qui maintiennent leur structure lorsqu’elles sont soumises à une 

pression externe, et des particules fortement poreuses ou des agrégats de particules 

perméables à l'écoulement, mais qui s'effondrent et s’empilent sous une pression externe. 

Le développement de matériaux poreux pour la filtration et la catalyse qui maintiennent un 

débit élevé en filtration, résistent à l'encrassement et maintiennent une forte accessibilité 

aux pores internes présentent un grand intérêt. 

Dans ce travail, notre objectif principal était de synthétiser une nanostructure en auto-

assemblant des nano-plaquettes dans une structure hiérarchique. Nous avons cherché à 

développer un matériau qui, en filtration, serait hautement perméable et maintiendrait sa 

structure sous une pression externe. En tant que catalyseur, nous avons souhaité un 

matériau qui fournirait l’accès facile des réactifs à sa structure interne et permettrait la 

libération des produits afin d'améliorer sa spécificité. Nous avons synthétisé avec succès ce 

matériau et déterminé que les concentrations d'éthanol et d'agent tensioactif dans le 

mélange de synthèse contrôlaient la morphologie des nanoparticules dans le matériau 

structuré par hiérarchie (HSM). 

Nous avons comparé les performances de notre HSM aux agents de filtration couramment 

utilisés lors de la filtration d'une solution colloïdale. Notre HSM a rapidement réduit la 

turbidité d’une solution colloïdale à <0,10 NTU avec un flux qui était jusqu'à 28 fois plus 

élevé que les flux obtenus par des aides filtres diatomées. Par la suite, nous avons mis au 

point un protocole visant à immobiliser les lipases suivantes : lipase pancréatique porcine 

crue (cPPL), Candida rugosa (CRL) et Candida antarctica (CALB) sur le matériau de 
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support. Nous avons évalué les activités hydrolytiques spécifiques de la cPPL et du CRL 

immobilisés pour déterminer les conditions de synthèse optimales pour produire le 

support HSM le plus efficace. Nous avons déterminé que la synthèse de notre HSM dans une 

solution aqueuse contenant 50% en volume d'éthanol, suivi d'un traitement de 24 h à 

l'époxysilane, produit des particules ayant la plus haute immobilisation et rétention de 

lipase (16,7 + 0,2 mg de cPPL / g et 39,7 + 0,9 mg de CRL / g de support). La silylation 

étendue des supports au-delà de 24 h n'a pas permis d'augmenter significativement 

l'immobilisation enzymatique. Enfin, nous avons évalué la performance du CALB 

immobilisé sur notre matériau de support dans une réaction en lot pour la réduction des 

acides gras libres (FFA) dans une huile de colza acidifiée. L'enzyme immobilisée produite 

dans ce travail a rapidement réduit le contenu en FFA de l’huile pendant les 2 à 4 h initial 

de chaque essai et a maintenu le contenu en FFA inférieur à 0,50% en poids jusqu'à 56 h 

même après avoir été réutilisé 5 fois. Le CALB immobilisé sur TAN présentait une 

réutilisabilité élevée sans réduction observable de l'activité du catalyseur immobilisé.  
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1 Introduction 
1.1 Background and Motivation 
Materials science is an ever-evolving discipline in science and engineering. Materials with 

complex superstructures are of growing interest. Many of these materials exhibit structure 

over more than one length scale. These “hierarchically-structured materials” (HSMs) 

possess desirable properties such as higher surface area, internal pore accessibility, 

strength, and storage capabilities relative to simple porous materials lacking such 

hierarchy [1]. 

Currently, complex nanostructures can be synthesized in two distinct forms: stiff non-

porous aggregates that maintain their structure when subject to external pressure but have 

poor flow characteristics, and highly porous particle or particle aggregates that are 

permeable to flow but collapse and stack under external pressure (Table 1-1). 
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Table 1-1: Currently Available Complex Nanostructures 

Material Structure Source 

Alumina 

Non-porous, cantaloupe-like superstructures (2.5 
μm diameter) 

[2] 

Non-porous flower-like superstructures (1 μm 
long) 

[3] 

Non-porous aggregated flower-like nanoleaves 
(0.06 – 0.09 μm thick) 
 

[4] 

Dense mats of microscale fibers (0.1 – 0.15 μm 
diameter, 1 – 15 mm long) 

[5] 

Self-supporting dense film of aggregated alumina 
fibers (0.005 – 0.008 μm diameter, 2 – 3 μm long) 

[6] 

Boehmite 

Dispersed hexagonal nanoparticles (0.005 μm 
diameter) 

[7] 

Dispersed hexagonal crystallites (0.015 – 0.040 μm 
diameter) 

[8] 

Ceria 
Non-porous aggregated coarsened spherical 
clusters (0.390 μm diameter) 

[9] 

Various polymers 

Dense mats of multilayered nanotubes (0.4 – 0.5 
μm diameter) 

[10] 

Dense mats of composite core-shell nanofibers 
(0.446 – 2.762 μm diameter) 

[11] 

Titania Dense mats of hollow nanofibers (0.2 μm diameter) [12] 
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Certain separation and/or catalysis applications are inherently more difficult, including 

those involving viscous [13–15] or colloidal fluids [16–18]. Filtration of viscous or colloidal 

fluids is common in food & beverage [15,19,20], medical [21–23], petrochemical [24,25], 

and sludge & wastewater [26,27] applications. Heterogeneous catalysis involving viscous 

or colloidal fluids is used to produce biodiesel [28,29] and hydrogenated edible oils [30–

32]. Therefore, the development of support materials that maintain high throughput, resist 

fouling, and maintain high internal pore accessibility are of great interest. In other words, 

the ideal material would blend the stiffness of the non-porous particles and the 

permeability of the highly porous complex nanostructures discussed above. 

 

1.1 Overview of Project Objectives 
In this work, we focus on the synthesis and applications of a newly-synthesized shape-

controlled HSM. Our overall objectives are as follows: 

 

1. Examine the effects of synthesis conditions (i.e. cosolvent and surfactant) on 

nanosheet morphology. 

2. Develop a synthesis regime for the production of hierarchically-structured twinned 

alumina nanosheets (TAN).  

3. Compare the performance of hierarchically-structured TAN synthesized under 

different conditions as filtration aids during filtration of a colloidal bentonite 

solution to determine the optimal synthesis conditions. 

4. Compare the performance of the optimal hierarchically-structured TAN filter aid to 

diatomaceous earth during filtration of a colloidal bentonite solution. 
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5. Develop a strategy for the effective immobilization of various lipases onto 

hierarchically-structured TAN. 

6. Assess the effects of TAN synthesis conditions and silylation time on the specific 

hydrolytic activities of immobilized crude porcine pancreatic lipase and 

immobilized Candida rugosa lipase. Use these results to determine the synthesis 

conditions that produced the most effective TAN immobilization support. 

7. Assess the performance of immobilized Candida antarctica lipase on TAN in a batch 

reactor for the reduction of free fatty acids in acidic oil. 

 

1.2 Thesis Structure 
This thesis consists of 9 chapters. The current chapter is the Introduction. Chapter 2 

presents a detailed review of the literature on HSMs, alumina nanoparticles, filtration of 

viscous and colloidal material, and enzyme immobilization on highly accessible supports. 

Chapters 3 to 7 each represent an independent article published in or submitted to a peer-

reviewed scientific journal. Due to this structure, some repetition of ideas and elements (i.e. 

experimental methodology) was inevitable. Chapter 8 provides a general discussion, 

conclusions, and recommendations for future work that pertains to the entire thesis. 

Chapter 9 contains references for the entire document. These references are numbered 

contiguously throughout the document. 
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CHAPTER 3 – The Self-Assembly of Twinned Boehmite Nanosheets into Porous 3D 

Structures in Ethanol-Water Mixtures; published in Colloids and Surfaces A: 

Physicochemical and Engineering Aspects 495 (2016): 238-247. 

A detailed study on the self-assembly of twinned boehmite nanosheets was carried out in 

this work. Through the careful selection of synthesis parameters (ethanol:water volume 

fractions of 0:1, 0.25:0.75, and 0.5:0.5; CTAB concentrations of 25% below to 25% above 

the CMC, in 5% increments), it was determined that the shape and thickness of the 

boehmite nanosheets could be controlled. Furthermore, the boehmite nanosheets self-

assembled to form highly-porous hierarchical structures with internal accessibility. It was 

also determined that the integrity of the highly-porous network of the 3D hierarchical 

structures was maintained upon calcination into alumina, suspension in water, and 

deposition on filter paper. 

 

CHAPTER 4 – Optimal Aggregate Size Distribution for the Formation of Highly Efficient 

Nanosheet Dynamic Membranes; published in Journal of Membrane Science 514 

(2016): 143-154. 

In this study, the TAN were used as dynamic membranes in the filtration of a fine colloidal 

solution (i.e. bentonite clay). Three sets of alumina nanosheets were prepared 

(ethanol:water volume fractions of 0.0:1.0, 0.25:0.75, and 0.5:0.5; CTAB concentrations all 

at CMC) and characterized by dynamic image analysis. Confined sphere packing models 

were developed to estimate the packing densities of the three sets of alumina hierarchical 

structures. 
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CHAPTER 5 – Highly Permeable Twinned Alumina Nanoparticles for the Precoat 

Filtration of Fine Colloids; published in Separation and Purification Technology 182 

(2017): 197-206. 

In this study, the performance of hierarchically-structured TAN synthesized in 50:50 

ethanol:water solutions as a filtration aid was compared to a commercially-available 

filtration aid (i.e. diatomaceous earth). The performance of the filter aids was assessed by 

monitoring flux decline and turbidity reduction during the constant-pressure filtration of a 

fine colloidal solution (i.e. bentonite clay). 

 

CHAPTER 6 –Lipase Immobilization on Twinned Alumina Nanosheets (To be submitted) 

In this study, the specific hydrolytic activity of free lipase and lipase immobilized on 

hierarchically-structured and functionalized TAN were assessed. Two sources of lipase 

were used: crude porcine pancreatic lipase and lipase from Candida rugosa. The TAN were 

synthesized in pure water, 25 vol%, and 50 vol% ethanol in water solutions and 

functionalized with an epoxysilane to promote enzyme immobilization. The effects of 

ethanol concentration in the synthesis mixture and the length of silylation time (0, 4, 24, or 

96 h) on lipase immobilization were also assessed. 
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CHAPTER 7 – FFA-Selective Catalyst for the Pretreatment of Acidic Oils (To be 

submitted) 

A detailed study on the enzymatic treatment of acidic oil was presented. Firstly, a protocol 

for the immobilization of lipase from Candida antarctica onto hierarchically-structured and 

functionalized TAN synthesized in 50:50 vol:vol ethanol:water solutions was established. 

The ability of the newly-fabricated immobilized enzyme preparation to reduce FFAs and 

inhibit TG hydrolysis in a 2.5 wt% FFA-in-oil mixture was assessed in a series of batch 

experiments at catalyst loadings of 0.3 and 0.03 wt%. These results were compared to 

those of a commercially-available supported enzyme. 
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2 Theoretical Background 
2.1 Hierarchically-Structured Materials 

2.1.1 Introduction 
Hierarchically-structured materials can be defined simply as “solids [that] contain 

structural elements which themselves have structure.” [33] Many natural substances are 

HSMs (e.g. bone, wood, vegetation); the synthesis process of man-made materials can also 

be tailored to produce HSMs. HSMs are of increasing interest in the material science 

community for their distinct advantages over materials without such hierarchy. The main 

motivation in synthesizing HSMs lies in the ability to impart greater accessibility to internal 

structures and overcome diffusional limitations associated with conventional porous 

materials [34]. However, the introduction of additional levels of porosity to HSMs to 

achieve greater internal accessibility is often at the detriment of other material properties, 

such as strength or hydrothermal stability [34]. 

 

2.1.2 Comprehensive Database Search for Scientific Literature on HSMs 
A comprehensive database search was conducted in Scopus to determine the increasing 

interest of HSMs in the scientific literature. A summary of the parameters used in the 

database query is shown below in Table 2-1. The results were sorted into lists of 2000 

documents or less (the maximum document limit in a single list allowed in Scopus). The 

lists were then further sorted by year, and then by subject area to generate sublists of 100 

articles or less. The sublists generated were manually scrutinized to eliminate irrelevant 

articles and keep relevant articles. The original search yielded 16056 articles and review 

papers. After the manual review, the yield was reduced by 38% to 9880 articles and review 

papers. The results of the comprehensive literature search are shown in Figure 2-1. 
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Table 2-1: Parameters Used in Initial Database Query for HSMs 

Search Parameter Value 

Search Term 
(hierarchic OR hierarchical OR hierarchically) AND 

(structure OR structured) 

Search Field(s) article title, abstract, keywords 

Date Range 1945 – present 

Subject Area 
engineering, materials science, medicine, chemistry, 
biochemistry, genetics, molecular biology, chemical 

engineering 

Type of Scientific Literature journal article or review 

 

 

Figure 2-1: Results from Refined Literature Search for “Hierarchically Structured Material” 
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describe sociological or psychological constructs. For example, Stern used the idea in his 

definition of character, as a means to describe the “hierarchical structure of goals and 

norms” [35]. In the context of engineering, structural hierarchy was introduced in the 

scientific literature in the 1970s and 1980s as an organization principle in data analysis 

[36–39] and process control systems [40–42]. For example, Diekmann-Moeller described a 

“hierarchically-structured automation system” used for the 2-level control of a continuous 

slab casting plant in 1987 [41]. 

In 1974, Holmes investigated “structural hierarchy” at the molecular level in biological 

structures (e.g. proteins, muscle tissue, viruses, organelles) [43]. He then drew parallels 

between the organization principles seen in the currently-emerging field of information 

technology to that seen at the microscopic level in natural systems. Research into the 

hierarchical structure of biological systems continued in the 1980s, with studies on protein 

folding [44–49], the mechanical and structural properties of cortical bone [50,51], and the 

structure and packing of human metaphase chromosomes [52–54]. The success of these 

characterization studies led to a better understanding of the complex hierarchical structure 

of biological systems. Studies on biomimicry of hierarchical structures [55], with a focus on 

the synthesis and applications of artificial grafts and tissue [56–60], began in the 1990s and 

continue to the present day. Interest in the hierarchical structure of non-biological systems 

was also evident in the 1980s, with studies conducted on the effects of the BeXor process, a 

patented hydrostatic extrusion process that produced biaxially-oriented polypropylene 

sheets [61–63], and the impact of thermal treatments on the development of hierarchically-

structured polyimide films from polyamic acids [64].  
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2.1.3 Fabrication of Hierarchically-Structured Materials 
Starting in the late 1990s and continuing to the present day, interest shifted to the 

synthesis of manmade HSMs from organic, inorganic, or composite materials. Many 

materials are used in the formation of these complex structures, including silica and 

silicalite [65–90], titania [65,72,85,91–97], zirconia [85,95,98,99], nickel oxide [100], iron 

oxide [101], alumina [65,85,102–105], zeolite [106–109], gold [110], hydroxyapatite 

[111,112], calcium carbonate [113], and composites [114,115].  

Fabrication strategies for HSMs can be divided into two broad categories: self-assembly of 

aggregate superstructures from smaller constituents, or the deposition of the desired 

material on a sacrificial template. Some HSMs are fabricated using a combination of both 

strategies. Structure-directing agents, including sodium alkyl sulfates and sulfonates 

[81,112,116], quaternary ammonium surfactants [67,68,71,75,83,84,90,105,115,117–121], 

bolaamphiphiles [122], sarkosyl [123], polyethylene glycol cetyl ethers 

[93,97,104,108,121], and block copolymers [67,79,80,82,87–89,95,105,124–127], are used 

to direct the self-assembly of aggregate superstructures from simpler building blocks. 

Complex, hierarchically-structured porous networks can also be formed with the aid of 

sacrificial templating agents. The desired material self-assembles on or is directly 

deposited on the template; the template is subsequently removed via calcination or solvent 

extraction, leaving behind a porous shell [66]. Common templating agents include polymer 

beads [65,68,72,74,79,80,85,88,100,102,106,128], carbon black particles [109], starch gels 

[78], colloidal crystals [66,69,73,89], and living templates like multicellular filaments of 

Bacillus subtilis [70,107] or filamentous fungal spores of Aspergillus niger [110]. 
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2.1.4 Modern Applications of Hierarchically-Structured Materials 
In recent years, considerable research effort has been devoted to developing functional 

HSMs for use in a diverse array of applications. As previously mentioned, hierarchically-

structured artificial tissues and grafts have been successfully synthesized. More recently, 

techniques to improve the biocompatibility, in vitro degradation rate, and resorbability of 

these materials have been developed [129]. Of particular importance is the use of multiple 

pore-forming agents to mimic the true multi-level hierarchical porosity of the native tissue. 

Biocompatible HSMs are also useful as drug delivery capsules for the delivery of 

chemotherapy drugs [130,131], analgesics [115,132], and peptides [133,134]. The 

hierarchical structure is particularly useful at controlling the rate of drug delivery [133]. 

HSMs can also be used in environmental applications. Photocatalysts break down organic 

compounds when exposed to light. These unique catalysts are useful in treating polluted air 

and water. Titanium oxide is the most widely-used photocatalyst due to its low cost, 

chemical stability, and high redox capabilities [97,135]. Hierarchically-structured titanium 

oxide is an even more efficient photocatalyst. In particular, the combination of mesopores 

and macropores increases overall surface area and the path length for photon penetration 

into the material, thereby improving its overall photoactivity [97]. 

 

2.1.5 Summary 
Many natural and synthetic materials exhibit structural hierarchy. In recent years, research 

has focused on the synthesis and applications of these versatile materials. Manmade HSMs 

are fabricated from various organic, inorganic, and composite materials. Incorporation of 

structure-directing agents or sacrificial templating agents into the synthesis mixture is 



13 
 

imperative when fabricating HSMs. The unique structural properties of HSMs make them 

ideal for use as drug-delivery agents and photocatalysts. 

2.2 Alumina Nanoparticles 

2.2.1 Introduction 
Aluminum(III) oxide, or alumina, is a naturally-occurring inorganic crystalline compound 

with the chemical formula Al2O3. Industrially, alumina is produced by the Bayer process, 

whereby bauxite ore, a mixture of hydrated aluminum and oxides of silicon, iron and is 

refined by selective extraction using hot sodium hydroxide [136]. The purity of the 

resulting smelter grade alumina is low [137] and must be further refined electrolytically by 

the Hall-Héroult process [138,139] to produce aluminum metal [140].  

Crystalline alumina occurs in several well-defined and characterized polymorphic phases. 

For applications other than production of aluminum metal, alumina is produced 

synthetically via aluminum-rich precursors. This results in the formation of hydrated 

aluminum compounds such as bayerite (AlOH3) or boehmite (γ-AlOOH). Subsequent 

dehydration and calcination of these compounds lead to the formation of the various 

alumina polymorphs. γ-Al2O3 (activated alumina) has a high surface area, making it an 

excellent adsorbent [141–143] and catalyst support [144–146]. α-Al2O3, which results from 

extended calcination, is an inert ceramic with high hardness and strength, making it useful 

as a catalyst support [147–150].  

 

2.2.2 Synthesis Techniques 
Careful control of the synthesis conditions during alumina production results in the 

fabrication of alumina nanoparticles. While bulk materials have constant physical 

properties, reduction in the size of particles to the nano-dimension yields materials with 
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interesting and useful properties [151]. Alumina nanoparticles exhibit these useful 

properties, such as high adsorptive capacity [152], biocompatibility [8], and tuneable 

surface properties [153]. Alumina nanoparticles are typically synthesized in a two-step 

process: 

1. Nanoparticles of a precursor substance (e.g. boehmite) are fabricated.  

2. The precursor nanoparticles are calcined to form #-alumina, where # represents the 

alumina phase. 

 

2.2.2.1 Sol-Gel Synthesis 
Perhaps the most well-known technique to synthesize an alumina precursor is discussed 

by Yoldas [154]. In his work, Yoldas hydrolyzed aluminum alkoxides in excess water to 

form a sol. Aluminum nitrates and chlorides are also used in sol-gel reactions to form 

alumina [153,155]. Cold water hydrolysis produces bayerite, AlOH3, while hot water 

hydrolysis (especially under pressure) produces boehmite, γ-AlOOH [154]. The reaction is 

accelerated in the presence of an acid or base, which acts as both a catalyst and a peptizing 

agent [156–158]. Aging of the sol promotes gelation, whereby the sol particles polymerize 

and crosslink to form a dense, integrated network. The morphology of the aged gel is a 

strong function of pH (Figure 2-2). The gel may be used as is, or further processed via 

supercritical drying with an organic solvent to yield an aerogel [159,160]. Calcination of the 

gel yields the alumina polymorphs. A detailed reaction scheme is shown in Figure 2-3 for 

boehmite from aluminum isopropoxide in the presence of acid catalyst.  
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Figure 2-2: The Effect of pH on the Morphology of Aged Gels (Adapted from [161]) 
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(1) Hydrolysis of the Precursor (Sol Formation) 

 

(2) Polycondensation of the Hydrolyzed Precursors (Gelation) 

(3) Aging of the Gel 
Repeated polycondensation reactions (2) increase the size of the gelation network. 

 

 

Figure 2-3: Sol-Gel Synthesis of Boehmite from Aluminum Isopropoxide with an Acid 
Catalyst (Adapted from [162]) 
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The sol-gel method has been reported extensively in the literature for the synthesis of 

alumina nanoparticles and aerogels [154–156,159]. However, the method also presents 

several drawbacks, including the toxicity of the byproducts formed during sol synthesis 

(Table 2-2) [8] and cracking of the gel during the aging and drying processes 

[157,159,163]. Thus, sol-gel manufacturing of alumina is limited to small-scale applications 

like thin films [164,165], dip coating [165–167] or fibers [5,168]. 

 
Table 2-2: Toxic Effects of Byproducts Formed During Aqueous Sol Synthesis of Alumina 
Precursors1 

Aluminum 
Precursors 

Byproduct 
Formed During 

Aqueous Sol 
Synthesis 

Test Type 
Method of 
Delivery 

Reported Dose Effect(s) Source 

Aluminum 
isopropoxide 

Isopropanol 

LDLO 

Oral 

3570 mg/kg 
Nausea, vomiting, 

respiratory depression, 
coma 

[169] 

LDLO 5272 mg/kg 
Chronic pulmonary 

edema, hypotension, 
coma 

[170] 

TDLO 223 mg/kg 
Hypotension, 
hallucinations 

[171] 

Aluminum tri-
sec-butoxide 

2-Butanol TCLO Inhalation 25 ppm 
Lung and eye irritation, 

respiration changes 
[172] 

Aluminum 
nitrate 

nonahydrate 
Nitric acid LDLO Oral 430 mg/kg 

Severe tissue damage, 
respiratory depression, 

organ damage 
[173] 

Aluminum 
chloride 

hexahydrate 

Hydrochloric 
acid 

LDLO Oral 2.857 mg/kg 
Esophageal damage, 

hypotension, respiratory 
depression 

[174] 

1. All toxicity data given above are for human subjects. 
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2.2.2.2 Hydrothermal Synthesis 
Alumina precursors can also be synthesized hydrothermally. In its most basic form, 

hydrothermal synthesis involves the dissolution and subsequent recrystallization of 

crystalline material from water at autogenous pressure. The reaction is carried out in a 

pressure vessel (autoclave) maintained at an elevated temperature (30 to 400°C) [175]. 

Subsequent calcination yields the various alumina polymorphs. The vessel is fitted with a 

hermetic seal designed to prevent leakage, but also fail safely should the reaction exceed 

the maximum allowable operating pressure. Autoclaves are commonly made of a stainless 

steel shell with a Teflon liner; they can also be fabricated from more resistant materials for 

reactions carried out with highly corrosive media (Figure 2-4).  

 

  
(a) (b) 

 

Figure 2-4: Parr Instruments autoclave with stainless steel (SS) shell and Teflon lining. 
Designed to fail-safe through the opening in the top at pressures in excess of 1800 psig. (a) 
Disassembled, showing all individual components. (b) Fully assembled. 

Teflon lining 

SS shell 

SS screw cap 

SS upper &  
lower lids 

Corrosion disc Rupture disc 
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Hydrothermal synthesis takes advantage of the changing solvent properties of water (e.g. 

dielectric constant) at subcritical and supercritical conditions. The dielectric constant (ε) is 

an index of the polarity of a substance. Under ambient conditions, ε = 78 for water. 

Precursor compounds are typically polar salts that will dissolve readily under these 

conditions. As the critical temperature and pressure (374°C, 22.1 MPa) are approached, the 

dielectric constant of water rapidly decreases to ε < 10 (Figure 2-5) [176]. As such, the 

recrystallization process is initiated, resulting in the generation of nucleation sites for 

particle formation and the rapid growth of inorganic nanoparticles [177]. 
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Figure 2-5: Dielectric constant of water as a function of pressure and temperature. Adapted 
from [176]. 
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Control of the operating conditions will greatly affect the characteristics of the final 

product formed from hydrothermal synthesis. It has been shown that three primary 

physical parameters are of utmost importance: temperature, pressure, and time [176]. The 

operating temperature has a direct influence on the crystallographic phase of the final 

product [178]. Temperature fluctuations are avoided, as they disturb the dynamic 

equilibrium of the dissolution-recrystallization process. As discussed above, pressure can 

be used to manipulate the solubility of the material, directly affecting the recrystallization 

process. Reaction time is used to control the extent of recrystallization; it has direct effects 

on final particle size and morphology. Mathieu et al. tracked the evolution of boehmite 

morphology synthesized under hydrothermal conditions for reaction times between 17 

and 168 h. The morphologies of the final products varied gradually from rounded 

nanoplatelets (d50 = 167 nm) to elongated nanofibers (1 to 3 μm long) as reaction time 

increased due to compounding particle aggregation [8]. Kim et al. also noted the formation 

of aluminum acetate hydroxide nanofibers from irregularly-shaped nanoparticles as 

reaction time was increased from 0.5 to 12 h [179]. 

 

2.2.3 Structure-Directing Agents 
Control over the morphology of alumina nanoparticles is aided by the use of surfactants. 

Surfactants have been shown to control the crystallization rate by regulating the growth of 

particle agglomerates during sol-gel synthesis [180,181]. Furthermore, surfactants can 

interfere with the physisorption of water on the particle surface, inhibiting the 

polycondensation during sol-gel synthesis (Figure 2-3). The careful selection of surfactant 

type and concentration can be used to control the morphology of the final product [180]. 

Mirjalili et al. reported the formation of irregularly-shaped α-Al2O3 nanoparticles (dAV = 
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250-300 nm) synthesized in the absence of surfactant by the sol-gel method; using sodium 

dodecylbenzenesulfonate (SDBS) or sodium bis(2-ethylhexyl)sulfosuccinate (Na(AOT)), the 

resulting α-Al2O3 nanoparticles were more spherical in shape and finely-dispersed (dAV = 

20-30 nm and dAV = 120-180 nm, respectively) [180]. Liu et al. reported on the preparation 

of methane-reduction catalysts via the synthesis of fine, rod-like boehmite nanoparticles 

with the aid of non-ionic surfactants [153]. Bleta et al. used Pluronic F217, an amphiphilic 

triblock copolymer, to control the pore volume and specific surface area of boehmite and 

alumina nanoparticles synthesized from aluminum tri-sec-butoxide [182]. 

In hydrothermal synthesis, surfactants can be used to inhibit interlayer stacking of 

boehmite crystallites by bonding to surface hydroxyl groups of the crystallites through 

hydrogen bonding [183]. This directs the growth of the crystallites in the perpendicular to 

the stacking direction, resulting in elongated nanoparticles. Xu et al. demonstrated the 

efficacy of CTAB at directing the growth of non-porous flower-like boehmite nanoparticles 

(average thickness of 50 nm) with an elongated crystalline structure through hydrothermal 

synthesis [3]. Zhao et al. showed that PEO micelles directed the formation of regularly-

shaped boehmite nanotubes. Without PEO, the final product only contained 20% 

nanotubes [183]. Zhu et al. found that the critical molar ratio of PEO/Al to direct boehmite 

morphology during hydrothermal synthesis was PEO/Al = 0.47. For PEO/Al < 0.47, 

boehmite nanoplatelets were synthesized; for PEO/Al > 0.47, boehmite nanofibers were 

synthesized [184]. 

However, surfactants also alter the phase transition temperatures during calcination due to 

their capping effect. The degree to which the phase transition temperatures are altered is 

dependent on the modified surface chemistry that the adsorbed surfactant imparts and the 
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degree of surface saturation of the surfactant molecules [180,182]. Mirjalili et al. noted an 

increase of up to 200°C in the phase transition temperatures of alumina nanoparticles 

during their transition pathway from AlOH3  Al(OOH)  γ-Al2O3  δ-Al2O3  Θ-Al2O3  

α-Al2O3 when the particles were synthesized with surfactants SDBS and Na(AOT) [180]. 

Bleta et al. reported that the addition of Pluronic F217 lowered the phase transition 

temperature of Al(OOH)  γ-Al2O3 from 380 to 300-330°C during thermal treatment [182]. 

 

2.3 Summary 
Alumina is a naturally-occurring inorganic crystalline compound. It is produced 

industrially by the Bayer process. Crystalline alumina occurs in several well-defined and 

characterized polymorphic phases. Shape-controlled nanoparticles of alumina and its 

precursors are produced at a smaller scale using sol-gel and hydrothermal synthesis 

methods. Surfactants can be used as structure-directing agents. Various alumina 

polymorphs have been used as catalyst supports and adsorbents. Currently, alumina 

nanostructures can be synthesized as aggregates that have poor flow characteristics or 

highly porous particles or particle aggregates that do not maintain their structure when 

subject to flow. 
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2.4 Filtration of Colloidal Fluids with Dynamic Membranes 

2.4.1 Introduction 
The separation of fluid mixtures is a fundamental process in chemical engineering. 

Membrane filtration is a low-cost, low-energy alternative or supplement to traditional 

separation methods such as distillation. A membrane is a semi-permeable material that is 

permselective when subject to a driving force [185]. During pressure-driven membrane 

separation, performance decline is inevitable due to fouling. Membrane fouling occurs via 

four main mechanisms [26] (Table 2-3).  

 
Table 2-3: Membrane Fouling Mechanisms 

Filtration Model   

Complete blocking 

 

Every solute particle 
that reaches a pore 

blocks that pore. Solute 
particles do not 

aggregate. 

Intermediate blocking 

 

Not every solute 
particle that reaches a 
pore blocks that pore. 

Solute particles can 
aggregate to block a 

pore.  

Pore constriction 

 

Pore volume decreases 
proportionally with 

filtration volume. 
Solute particles deposit 

on pore walls. 

Cake filtration 

 

Flux decline is due to 
solute particle 

accumulation on 
membrane surface. 

Cake thickness is 
proportional to 

permeate volume. 
 

  



24 
 

Once membrane performance has declined substantially, the unit operation is taken offline 

for maintenance and cleaning. Membrane cleaning is accomplished via physical (e.g. air 

scouring, backflushing) and/or chemical means (e.g. acids, bases, bleaching agents) [186]. 

Chemical cleaning is used as a last resort on fouling that cannot be removed via physical 

removal techniques; however, these chemicals must be used carefully, as they can 

permanently damage the membrane, reducing overall membrane lifetime [186]. Some 

fouling cannot be removed with either physical or chemical treatment. Irreversible fouling 

results in permanent membrane performance loss. The extent of irreversible fouling is 

directly related to membrane properties (e.g. hydrophobicity, surface charge, surface 

roughness, pore size, morphology), operating conditions (e.g. operating pressure), and feed 

characteristics (e.g. turbidity) [187–189]. Once irreversible fouling has caused the 

membrane performance to decline substantially, the membrane filter is replaced. The cost 

of replacing entire filters represents a significant capital expenditure in industrial 

processes that use membrane filtration as a separation technique [190]. 

 

2.4.2 Development and Performance of Dynamic Membranes 
An alternative approach is to trap the foulant material in a deposited layer on top of the 

membrane, referred to as a dynamic membrane (DM), secondary membrane, or formed-in-

place membrane. Once the performance of the DM has declined significantly, the DM and 

the entrapped foulant can be physically removed by brushing, air scouring, cleaning with 

tap water, or acid cleaning [191,192]. DMs have two key benefits over conventional 

membrane filtration: (1) DMs can be formed and reformed in situ; (2) once the DM is 

severely fouled, it can be removed. As such, the costs of purchasing, maintaining and 

replacing membranes is drastically reduced or eliminated [193]. 
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DMs were first reported in 1965 at Oak Ridge Laboratories by workers engaged in 

desalination research [194]. Marcinkowsky et al. reported the progressive formation of a 

semi-permeable layer on the cellulose acetate support by recirculating the feed solution of 

hydrous oxides. The researchers noted the salt retaining properties of these dynamically-

formed hydrous oxide membranes [194]. 

DMs are formed by depositing a thin film of semi-permeable material on a support layer. 

Support layers are often cost-effective materials such as mesh [195–197] or filter cloth 

[198,199], which allow for higher operating flux at lower transmembrane pressures [191]. 

Deposition is carried out by recirculating the feed stream across a support layer to 

gradually build up the dynamic layer. To induce particle flocculation in the feed stream and 

enhance DM formation on the support layer, coagulants such as ferric chloride or 

aluminum sulfate are often added [200,201]. 

The use of DMs is currently well-established in wastewater treatment [193,197,199,202–

205], where fouling of membrane filtration equipment is a common issue [199]. This 

phenomenon can be exploited by using the fouling species to form dynamic membrane 

layers, which can then entrap additional incoming foulants. Xu et al. determined the time 

necessary to form DM layers on a support mesh during the treatment of polluted river 

water by monitoring effluent turbidities. For influent turbidities of 18 – 162 NTU, DM 

formation time ranged from 1 – 50 min. These DMs reduced total carbon and total 

phosphorus content in the feed stream by 61 – 84% and 68 – 87% over 18 h of continuous 

use [201]. Sharp et al. measured the solids retention of dynamic membranes formed by 

coagulation of the feed with ferric chloride during pretreatment of raw feedwater. The DMs 

reduced the solids that penetrated to the support layer by 96 – 98%. The researchers 



26 
 

determined that the DMs formed a protective barrier, preventing foulants from reaching 

the support layer [200]. 

 

2.4.3 Dynamic Membrane Filtration of Colloidal Solutions 
Separation of colloidal solutions is inherently problematic. Colloids are small particles 

dispersed in a homogeneous medium, with colloidal particles ranging in size from 1 nm to 

1 μm [206]. Particles in this size range are difficult to separate via centrifugation or 

traditional filter media [206,207], but can be filtered via ultrafiltration (UF) or 

nanofiltration (NF) [207]. However, colloidal particles readily foul UF and NF membranes, 

resulting in the rapid decline of membrane performance parameters [206]. Alternatively, 

colloids can be removed from feed streams using DMs. As described earlier, DMs entrap the 

incoming foulant, minimize fouling of the support layer, and are removed once they are 

fouled. 

 

2.4.4 Summary 
Membrane filtration is a low-cost, low-energy alternative to traditional separation 

techniques. However, membrane performance declines over time due to fouling. An 

alternative technique is to fabricate a dynamic, permeable layer to entrap the foulant 

species. Dynamic membranes already find widespread use in wastewater treatment 

applications. Colloidal fluids, which are difficult to filter as they tend to form impermeable 

gel layers, may benefit from treatment using dynamic membranes.  
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3 The Self-Assembly of Twinned Boehmite 

Nanosheets into Porous 3D Structures in Ethanol-

Water Mixtures 
K. Roebuck and A. Y. Tremblay. Colloids and Surfaces A: Physicochemical and Engineering 

Aspects 495 (2016): 238-247. 

 

Hypothesis 

Surfactant molecules have high surface activity, and can therefore influence the self-assembly 

of nanomaterials. The self-assembly of twinned boehmite nanosheets into porous 3D 

superstructures will be greatly affected by the presence of surfactant monomer and micelles in 

various ethanol-water mixtures. It should be possible to influence the shape, thickness, and 

twinning of boehmite nanosheets by varying the concentration of the surfactant and ethanol in 

the synthesis mixture to obtain high porosity 3D superstructures. 

Experiments 

The critical micelle concentration (CMC) of cationic surfactant cetyl trimethylammonium 

bromide (CTAB) was determined in 0, 12.5, 25, 37.5, and 50 vol% ethanol-water mixtures. The 

effect of CTAB on boehmite particle morphology and superstructure formation during self-

assembly was explored at the CMC, and at 20%, 15%, 10%, 5% below and above the CMC of 

CTAB in various ethanol-water mixtures. 

Findings 

Boehmite nanosheets with controllable shape and thickness were successfully formed in various 

ethanol-water mixtures. Prior to micelle formation, the average thickness of nanosheets formed 

in 0 vol%, 25 vol%, and 50 vol% ethanol-water were 200 nm, 110 nm and 100 nm, respectively. 
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Micelle formation reduced the availability of surfactant molecules for particle templating, 

broadening the nanosheet thickness distribution. Micelle formation was inhibited in 50 vol% 

ethanol-water due to the increase in Gibbs free energy needed to form micelles relative to the 

Gibbs free energy of micelles in 0 vol% or 25 vol% ethanol-water. The enthalpy-driven process 

gives greater control over the nanosheet thickness, producing particles with narrow thickness 

distributions. In general, the CMC represented the point at which control is lost over the 

thickness of the nanoplatelets; increasing the surfactant concentration above the CMC 

increased the thickness of the nanoplatelets. 

Particle twinning during crystal growth produced an interconnected 3D network of boehmite 

particles with high porosity (79-88%) and hydraulic permeability (62.4-809 mD).  The addition 

of ethanol during synthesis increased the porosity and reduced the bulk density of the 3D 

superstructures by 8-11% and 26-28%, respectively, and yielded a ten-fold increase in the 

hydraulic permeability. The integrity of the porous 3D network was maintained upon 

calcination, suspension in water and deposition by filtration onto cellulose filter paper.  

 

3.1 Introduction 
Particles with controlled morphology are of increasing interest in the field of materials 

science. Shape-controlled particles find use in catalysis [208–210], imaging [211–214], 

medical therapy [213–216], SERS [217–220], and photovoltaic devices [221,222]. 

The use of surfactants to control particle morphology has been previously explored [223–

229]. At sufficiently high concentration, surfactant monomers self-assemble into well-

defined shapes with high surface activity, giving them the ability to direct material synthesis.  

Boehmite (γ-AlOOH) is a naturally-occurring aluminum oxide hydroxide crystalline mineral 

that can be synthesized from organic or inorganic precursors [154,157]. Calcination 
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transforms boehmite into various alumina phases, increasing the material strength. 

Boehmite and dehydrated alumina powders possess a high surface area and a negative 

surface charge, making them ideal for applications as adsorbents [230–235] and catalyst 

supports [153,236–238]. Thickness and shape-controlled alumina platelets are used in the 

manufacturing of substrate-based special effects pigments. These pigments require alumina 

flakes with narrow thickness distributions and smooth finishes [239,240]. 

The effect of surfactants on boehmite and alumina particle morphology has been explored in 

the literature. Zhang et al. formed non-porous cantaloupe-like boehmite superstructures 

using mixtures of aluminum nitrate and high concentrations of aqueous CTAB [2]; Mathieu 

et al. formed aggregated platelets and long nanofibers by varying the synthesis time using a 

high concentration of aqueous sodium polyacrylate and aluminum chloride [8]; Liu et al. 

synthesized boehmite and alumina nanoleaves and non-porous 3D superstructures from 

aluminum chloride in 50% ethanol-water mixtures [4]; Kuang et al. formed aggregated 

boehmite and alumina nanotubes via a hydrothermal route in aqueous CTAB solutions using 

aluminum chloride [241]; Bleta et al. explored the effect of calcination temperature, 

precursor concentration, and the CMC of Pluronic F127 on the morphology of aggregated 

alumina nanofibers formed from aqueous aluminum tri-sec-butoxide solutions [182]. In all 

these studies, boehmite and alumina particles were synthesized as aggregated particles, 

fibers with high anisotropy or 3D structures that lacked internal porosity. In general, these 

building blocks form superstructures with anisotropic hydraulic permeability that 

consolidate or collapse when used as a filter [242,243]. Instead, it is desired to form 

homogeneous, uniformly-structured building blocks from boehmite that will link together to 



30 
 

form rigid, highly isotropic, porous 3D superstructures that do not collapse upon deposition 

on a substrate or during filtration. 

In this work, the effect of ethanol content on the critical micelle concentration (CMC) of a 

cationic surfactant was assessed. Then, the effect of surfactant concentration and the effect 

of micelles on the shape, thickness, and twinning of boehmite particles during particle self-

assembly was determined in 0, 25, and 50 vol% ethanol-water mixtures. The synthesis 

conditions at which porous 3D superstructures could be formed were determined. Particle 

characterization was performed via SEM, FTIR, and image analysis. 

 

3.2 Experimental 

3.2.1 Materials 
Cetyl trimethylammonium bromide (CTAB), sodium hydroxide pellets and anhydrous 

ethanol were purchased from Sigma-Aldrich (Switzerland). Aluminum chloride hexahydrate 

(99%, nitrogen flushed) was purchased from Acros Organics. Cellulose filter paper 

(Whatman #1) was purchased from Fisher Scientific (Canada). All materials were used as 

purchased.  

 

3.2.2 Methods 

3.2.2.1 Conductometry Studies 

The critical micelle concentrations of CTAB were determined in 0, 12.5, 25, 37.5, and 50 vol% 

ethanol-water mixtures via conductometric analysis at 298 K. A typical procedure was as 

follows: 250 mL of distilled, deionized water and known masses of CTAB were slowly added 

and stirred in a beaker. After each addition of CTAB, the conductivity of the solution was 

measured using a conductivity meter (VWR sympHony B40PCID, Pennsylvania). The 

measurements were performed in triplicate. 
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3.2.2.2 Particle Synthesis 

Boehmite nanosheets were synthesized via metal salt hydrolysis. A typical procedure was as 

follows: 1.45 g of aluminum chloride hexahydrate was dissolved in distilled, deionized water 

under vigorous stirring. The pH of the solution was raised to 14 using sodium hydroxide 

pellets. CTAB was dissolved in anhydrous ethanol or distilled, deionized water.  The 

surfactant solution was added to the precursor solution and was left to stir at room 

temperature for 24 h. After spinning, the mixture was poured into a Teflon-lined stainless 

steel autoclave (Parr Instrument Company, Illinois), sealed, and heated to 165°C for 12 h 

under autogenous pressure. The vessel was then left to cool at room temperature overnight. 

The precipitate formed during crystallization accumulated at the bottom of the autoclave in 

the form of a rigid disk. The disk of particles was placed in a fume hood to dry. It was then 

covered and stored for analysis. 

 

3.2.2.3 Particle Characterization 

Particles were mounted on aluminum stubs (Ted Pella, Redding, California). SEM imaging 

was performed using a JEOL 6610LV SEM at accelerating voltages of 10 and 20 kV (Japan 

Electron Optics Laboratory, Massachusetts) and a Phenom Pro Desktop SEM (Nanoscience 

Instruments, Virginia) at accelerating voltages of 5 and 10 kV. Particle thickness was 

determined by measuring the thickness of 20 nanosheets at each synthesis condition using 

ImageJ software. The data were then fitted to normal distribution curves using Microsoft 

Excel. FTIR analyses of the particles were conducted using a Cary 630 FTIR with ATR (Agilent 

Technologies, Canada). Powder X-ray diffraction (XRD) analysis was carried out at room 

temperature on a Rigaku Ultima IV powder diffractometer in Bregg-Brentano geometry 
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using CuKα radiation (λ = 1.5418 Å). The 2θ range of 3° to 100° was covered with 0.02° step 

width and 3°/min scan speed. 

The bulk density of boehmite superstructures as a function of ethanol concentration was 

estimated by measuring the volume of known quantities of boehmite in water settled in a 

graduated cylinder. The porosity of the structures was estimated using the water 

evaporation method [244]: 

𝜀 =
1

𝑉𝑠𝑎𝑚𝑝𝑙𝑒
(

𝑊𝑠𝑎𝑡 − 𝑊𝑑𝑟𝑖𝑒𝑑

𝜌𝑤𝑎𝑡𝑒𝑟
) (3-1) 

where ε is the porosity of the sample, Vsample is the volume of the saturated sample, Wsat is 

the mass of the saturated sample, Wdried is the mass of the dried sample, and ρwater is the 

density of water. 

To assess the integrity of the superstructures, boehmite particles were calcined at 600°C for 

4 h, suspended in water, and deposited on cellulose filter paper. The hydraulic permeability 

of the superstructures were measured by passing 500 mL of distilled water through the filter 

cake at 7 kPa.  

 

3.3 Results and Discussion 
Water acts as both a solvent and reactant in the self-assembly of boehmite particles from 

aluminum chloride hexahydrate. The hydrolysis reaction occurs very rapidly in the presence 

of excess amounts of water, resulting in the formation of thicker nanosheets. A high 

proportion of ethanol is added to slow the hydrolysis reaction and aid in the formation of 

thinner nanosheets [4,245]. The formation of particles can also be affected by the addition 

of a cationic surfactant [246,247]. The templating effect of CTAB was explored in this work. 
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The effect of ethanol on the critical micelle concentration of CTAB was determined 

experimentally. 

 

3.3.1 Conductometry Studies 
Conductometry is a simple measurement tool that can be used to determine the CMC of an 

ionic surfactant. Briefly, the specific conductivity of the solution is measured for an 

increasing concentration of ionic surfactant. The results are plotted, and the graph can be 

split into two linear regions with different slopes. The breaking point in the graph is the CMC 

[248–250]. 

The CMC of CTAB and was determined in 0, 12.5, 25, 37.5, and 50 vol% ethanol-water 

mixtures by measuring specific conductivity versus surfactant concentration. The CMC of 

CTAB and the degree of micelle ionization (α), determined from the conductometric 

measurements [248–250], as a function of ethanol content is presented in Table 3-1. The 

critical micelle concentration and degree of micelle ionization were found to increase non-

linearly as a function of ethanol content.  

 
Table 3-1: Conductometric Data of CTAB as a Function of Ethanol Content 

Ethanol Content by Volume 
Critical Micelle Concentration 

(mM) 
Degree of Micelle Ionization 

(α) 

0% 0.90 + 0.06 0.44 + 0.03 

12.5% 1.90 + 0.03 0.49 + 0.02 

25% 3.90 + 0.71 0.64 + 0.07 

37.5% 8.60 + 0.43 0.67 + 0.03 

50% 19.20 + 0.55 0.74 + 0.01 

Average + Standard Deviation 
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3.3.1.1 The Effect of Ethanol on Critical Micelle Concentration 

The addition of ethanol into the system raises the critical micelle concentration of CTAB. This 

is due to two main reasons: 

1. A reduction in relative permittivity (dielectric constant) of the solvent. 

A reduction in relative permittivity causes an increase in the repulsion between the 

ionic heads of the surfactants molecules. This reduces their ability to aggregate and 

form micelles [251]. 

This increase in repulsion can be quantitatively explained by the Debye length – the 

thickness of the ionic atmosphere around each ion in solution [250,252], 

 1

𝜅
= √

𝜀𝑟𝜀0𝑅𝑇

4𝜋𝐹2 ∑ 𝐶𝑖𝑍𝑖
2 (3-2) 

where 1/κ is the Debye length, εR is the relative permittivity of the solution, ε0 is the 

relative permittivity of a vacuum, R is the universal gas constant, T is the absolute 

temperature, F is the Faraday constant, Ci is the concentration of an ion in solution, 

and Zi is the charge on the ion. 

Assuming all other variables remain constant, a ratio of the square roots of relative 

permittivities can be used to determine the effect of different solvents on Debye 

length [253]. In the case of an ethanol-water mixture, a reduction of 69.1% in the 

relative Debye length is expected at 50 vol% ethanol-water. 

In general, a reduction in Debye length will result in an increase in electrostatic 

repulsion of similarly-charged ions. It will also cause an increase in electrostatic 

attraction between oppositely-charged ions. Thus, the formation of micelles at higher 
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volume fractions of ethanol is inhibited based on a decrease in Debye length, leading 

to an increase in the critical micelle concentration [250]. 

2. An increase in the solubility of the hydrophobic portion of the surfactant. 

The increased solubility of the surfactant’s hydrophobic moiety in ethanol increases 

the solubility of the surfactant monomer. Overall, this increases the concentration of 

surfactant required to induce micellar formation [251,254]. 

 

3.3.1.2 Thermodynamics of Micellization 

The addition of a cosolvent to the solvent medium has a great impact on the surfactant’s 

ability to form micelles. From Table 3-1, it can be seen that the addition of ethanol greatly 

reduces the ability of CTAB molecules to form micelles.  

The Gibbs free energy of formation of micelles was determined using the phase separation 

model [255–257]: 

∆𝐺𝑚𝑖𝑐
0 = (2 − 𝛼)𝑅𝑇𝑙𝑛𝜒𝐶𝑀𝐶  (3-3) 

where α is the degree of micelle ionization and χCMC is the critical micelle concentration 

expressed as a mole fraction.  

The contribution of a cosolvent to the Gibbs free energy of transfer of micelle formation in 

water to the cosolvent/water mixture can then be determined by 

∆𝐺𝑡𝑟𝑎𝑛𝑠
0 = (∆𝐺𝑚𝑖𝑐

0 )𝑐𝑜𝑠𝑜𝑙𝑣𝑒𝑛𝑡/𝑤𝑎𝑡𝑒𝑟 − (∆𝐺𝑚𝑖𝑐
0 )𝑤𝑎𝑡𝑒𝑟 (3-4) 

As seen in Figure 3-1, micelles are most favorably formed in pure water, and the amount of 

ethanol added to the solvent mixture is directly proportional to the reduction in spontaneity 

of micelle formation. These results coincide well with thermodynamic data from Akbaş and 

Kartal [255] and follow the same trend. 
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Figure 3-1: Gibbs Free Energy of Micellization of CTAB in Ethanol-Water Mixtures 
 

From previous studies on surfactants in mixed solvent systems, it is known that micelle 

formation in pure water is entropy-driven, whereas micelle formation in mixed co-

solvents/water is enthalpy-driven. In pure water, the self-assembly of CTAB monomers into 

micelles causes a breakdown in the structure of the local water network as a result of the 

hydrophobic effect. The hydrophobic effect is reduced when ethanol is added, as the 

hydrophobic moiety of CTAB is stabilized by the presence of the cosolvent. Thus, the 

micellization process will transition from an entropy- to enthalpy-driven process as ethanol 

is added [255–260]. 
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3.3.1.3 Particle Synthesis 

Boehmite particles were synthesized in 0, 25, and 50 vol% ethanol-water mixtures with 

surfactant concentrations from 20% below to 20% above the CMC, in 5% increments. The 

particle samples were analyzed by SEM, FTIR, XRD, and image analysis software to 

determine the effect of surfactant concentration on particle morphology at these conditions. 

Analysis of the FTIR spectrum in Figure 3-2 confirms that the as-prepared nanosheets are 

boehmite. The split peaks at 3080 – 3260 and medium peak at 1070 – 1150 cm-1 are 

characteristic of –OH stretching and bending, indicating the presence of bonded water 

molecules [157,261–266]. The strong peaks at 1066 and 740 cm-1 are indicative of Al—O 

stretching, confirming the existence of aluminum-oxygen bonds in the sample [157,263,264]. 

A peak at 755 cm-1 is characteristic of –H vibrations, which is further indication of bonded 

water molecules [157,264]. Weak peaks in the range of 1000 – 2000 cm-1 are hydrocarbon 

molecules, which are likely caused by the presence of surfactant or ethanol [263]. 
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Figure 3-2: Characteristic absorbance FTIR of CTAB-templated boehmite particles 
 

Analysis of the XRD data in Figure 3-3 indicates that the as-prepared nanosheets are 

boehmite. The main diffraction peaks can be indexed as boehmite (JCPDS card No. 21-1307) 

[267]. The intense (020) peak is characteristic of boehmite [157,268,269]. In addition to this, 

the spectra indicate that all boehmite samples produced were well-crystalized [269]. The 

decrease in peak intensity as a function of increasing ethanol/surfactant concentration is 

due to the capping effect of the surfactant, which in turn decreased the thickness of the 

particles [270,271]. 
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Figure 3-3: Powder XRD analysis of CTAB-templated boehmite particles 
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The boehmite nanosheet thickness distributions as a function of CTAB concentration and 

ethanol content are shown in Figure 3-4. The results show that nanosheet thickness in pure 

water and 25 vol% ethanol-water is constant prior to micelle formation, and increases as a 

function of CTAB concentration after the formation of micelles. In 50 vol% ethanol-water, 

the thickness of nanosheets is independent of CTAB concentration and micelle formation. 

The results also show that the addition of ethanol to the synthesis mixture reduces the 

thickness of nanosheets by half. 

The results suggest that the formation of micelles in solution reduces the availability of free 

surfactant monomers for surface templating, thereby increasing nanosheet thickness. As the 

concentration of surfactant increases above the CMC, the thickness of the particles increases 

proportionally. This effect is less pronounced in 25 vol% ethanol-water due to the relative 

increase in the Gibbs free energy of micelles in 25 vol% ethanol-water versus pure water.  

The results indicate that free monomers are always available to direct particle growth in 50 

vol% ethanol-water. This is supported by the less favourable Gibbs free energy of 

micellization in ethanol solutions vs that of pure water, and the constant thickness of 

boehmite nanosheets formed in 50 vol% ethanol-water. Furthermore, the enthalpy-driven 

process gives greater control over the nanosheet thickness, producing particles with narrow 

thickness distributions. 
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(a) 

 

(b) 

 

(c) 
 

Figure 3-4: Particle thickness distributions for CTAB-templated boehmite nanosheets 
(a) 0 vol% ethanol-water; (b) 25 vol% ethanol-water; (c) 50 vol% ethanol-water 
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As shown in Figure 3-5, nanosheets synthesized in pure water are approximately 2x as thick 

as those synthesized in 25 or 50 vol% ethanol-water. Water is both a solvent and a reactant 

in the formation of boehmite from an aluminum precursor [4,272]. The results indicate that 

reducing the availability of water by the addition of a cosolvent like ethanol will moderate 

the self-assembly of boehmite platelets, resulting in thinner nanosheets. 

The results also show that the formation of micelles increases the distribution of particle 

thicknesses in pure water and 25 vol% ethanol-water. Prior to micelle formation, the average 

and standard deviation at all synthesis conditions are approximately constant as seen in 

Figures 3-5 and 3-6. After micelle formation in pure water and 25 vol% ethanol-water, the 

average thickness and standard deviation increases as a function of the concentration of 

micelles. In 50 vol% ethanol-water, the average thickness and standard deviation remains 

constant, again indicating that micelle formation is greatly reduced. 

The increase in standard deviation after micelle formation in pure water and 25 vol% 

ethanol-water is undesirable. Prior to micelle formation, the narrow thickness distributions 

are an indication of the strong templating ability of the surfactant monomers. The 

broadening of these distributions represents a decrease in the templating ability of the 

surfactant. In general, the CMC represents the point at which control is lost over the 

thickness of the nanoplatelets; increasing the surfactant concentration above the CMC will 

increase the thickness of the nanoplatelets. 
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Figure 3-5: Average particle thickness versus concentration relative to CMC of CTAB-
templated boehmite nanosheets 

 

 

Figure 3-6: Standard deviation of particle thickness versus concentration relative to CMC of 
CTAB-templated boehmite nanosheets 
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The results show that nanosheet shape can be controlled by changing the ethanol 

concentration. In the absence of ethanol, boehmite nanosheets formed as thick rhombic 

platelets. In 25 vol% ethanol-water, two edges were added to the main faces, resulting in 

hexagonal platelets. In 50 vol% ethanol-water, the nanosheets elongated along the main 

faces while maintaining the hexagonal shape. 

Boehmite naturally self-assembles in a rhombic structure, as seen in Figure 3-7a), with 

surface-active hydroxyl groups. The introduction of ethanol into the synthesis solution 

decreases the surface tension of the solvent mixture and facilitates the selective adsorption 

of surfactant molecules on the boehmite surface. This adsorption stabilizes the crystal faces, 

increasing growth in the lateral direction, as seen in Figure 3-7b) and c) [273,274]. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 3-7: SEM images showing particle shape (dashed contour) of CTAB-templated 
boehmite nanosheets (scale: 5 μm) 

(a) characteristic rhombic platelets in 0 vol% ethanol-water;  
(b) characteristic hexagonal platelets in 25 vol% ethanol-water; 

(c) characteristic elongated hexagonal platelets in 50 vol% ethanol-water. 
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3.3.2 Particle Superstructures 
Evidence of particle twinning can be seen in Figure 3-7. The formation of growth twins 

during crystal formation [275–279] results in an interconnected three-dimensional network 

of boehmite nanosheets with high porosity. 

When compared with boehmite or alumina particles and superstructures found in the 

literature, the platelets synthesized in this work form repeatable, uniform, homogeneous 

superstructures. In particular, twinning is a direct result of the concentration of surfactant 

used in the synthesis mixture. In this work, particles were synthesized at surfactant 

concentrations ranging from 25% below to 25% above the CMC of CTAB. As can be seen in 

Table 3-2, it is more common in the literature to use concentrations well above the CMC to 

synthesize nanoparticles. This leads to the formation of aggregated, non-porous particles 

and superstructures, which are unsuitable to form porous networks. 
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Table 3-2: Particle Morphology of Boehmite and Alumina Particles as a Function of CTAB 
Concentration 

Precursor 
Relative 

Concentration of 
Surfactant* 

Concentration 
of Ethanol 

(vol %) 
Structure Source 

Aluminum 
Nitrate 

Nonahydrate 

3.47-41.67 0 
non-porous, cantaloupe-like 

superstructures (2.5 μm 
diameter) 

[2] 

30.49 0 
non-porous, flower-like 

superstructures (1 μm long) 
[3] 

Aluminum 
Chloride 

Hexahydrate 

0.75-1.25 0, 25, 50 
twinned rhombic nanoplatelets 

with porous superstructure 
(0.1-0.225 µm thick) 

This Work 

1.56 50 

aggregated flower-like 
nanoleaves (0.06-0.09 µm 

thick): non-twinned and non-
porous 3D superstructures 

[4] 

10.39 0 
aggregated boehmite and 

alumina nanotubes (0.03-0.07 
µm long) 

[241] 

*Relative concentration of surfactant: ratio of the concentration of surfactant in the reference to the concentration of surfactant at the CMC 

as determined in this work. 

 

Liu et al. studied the formation of boehmite nanoleaves using a hydrothermal synthesis 

protocol with 50% ethanol-water and CTAB at 30% above the CMC [4].  We did not observe 

the 3D flower-like superstructures obtained in their work. These structures are not 

hydraulically conductive, and are therefore undesirable in the formation of porous 3D 

superstructures. 

The porosity, bulk density, and hydraulic permeability of boehmite superstructures at the 

CMC as a function of ethanol concentration is presented in Table 3-3. The addition of ethanol 

during synthesis increased the porosity and reduced the bulk density of the 3D 

superstructures by 8-11% and 26-28%, respectively, and yielded a ten-fold increase in the 
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hydraulic permeability.  Those synthesized at 50 vol% ethanol-water also demonstrated a 

low variability in thickness across all surfactant concentrations. Superstructures formed 

from these nanoparticles have highly uniform size, and the highest porosity, lowest bulk 

density, and highest hydraulic permeability of the particles formed in this work. These 

characteristics suggest a future application in filtration. 

 
Table 3-3: Characteristics of Boehmite Superstructures as a Function of Ethanol Content 

Ethanol Content by 
Volume 

Porosity (%) Bulk Density (kg/m³) 
Hydraulic 

Permeability 
(calcined) (mD) 

0% 79 123 62.4 

25% 85 91 179 

50% 88 89 809 

 

 

The boehmite particles produced in pure water at the CMC were calcined at 600°C for 4 h. 

FTIR analysis confirmed the particles had transformed into alumina.  One gram of particles 

were suspended in 2.5 L of water and passed through a cellulose filter at 7 kPa. A porous 

filter cake was formed, dried in air and analyzed by SEM.   

In contrast to the particles formed by Liu et al. [4], these superstructures maintained an open 

porous network after calcination, suspension in water, and deposition, as seen in Figure 3-8. 

The top and side view show that compaction of the nanoplatelets does not occur indicating 

that the integrity of the superstructure was preserved after deposition on the filter as a cake. 

Unlike the nanosheets produced in this work, clay particles are nanosheets which exhibit 

little to no twinning. During formation, clay particles stack in highly-oriented parallel layers 
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[280]. This is undesirable in this work, as these structures collapse during filtration [281]. 

Thus, twinning is a necessary condition for the production of porous 3D networks. 

 

 
(a) 

 
(b) 

Figure 3-8: SEM images showing calcined boehmite particles (produced in pure water) 
deposited on cellulose filter paper  

(a) top-view of filter cake (scale: 30 μm); (b) side-view of filter cake (scale: 30 μm), arrow 
indicates direction of flow during cake formation 

 
 

3.4 Conclusions 
Boehmite platelets were manufactured with specific control over shape and thickness. In 

particular, careful selection of the synthesis conditions (ethanol content, surfactant 

concentration) produced twinned nanosheets with controllable thickness and shape. 

In pure water and in 25 vol% ethanol-water mixtures, prior to micelle formation, the 

thickness of boehmite particles remained constant. After micelle formation, the thickness of 

boehmite particles increased as a function of CTAB concentration, due to the increase in 

micelle concentration and a reduction in surfactant templating ability. This effect was more 
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pronounced in pure water. In general, thickness distributions were narrow below the CMC 

and broadened above the CMC. 

In 50 vol% ethanol-water mixtures, the thickness of boehmite particles was independent of 

CTAB concentration and micelle formation. The higher ethanol concentration (enthalpy-

driven process) controlled particle thickness producing narrow thickness distributions.  

Particle shape was controlled by varying the ethanol concentration. In the absence of ethanol, 

boehmite particles assembled as thick rhombic platelets. In the presence of 25 vol% ethanol-

water, boehmite particles assembled as thin hexagonal platelets. These hexagonal platelets 

were elongated in the presence of 50 vol% ethanol-water.  

Particle twinning during crystal growth resulted in an interconnected network of boehmite 

particles with very high porosity and hydraulic permeability (79-88% and 62.4-809 mD, 

respectively). This porous structure was maintained upon calcination, suspension in water, 

and deposition on cellulose filter paper. In the absence of twinning, the particles would have 

stacked, as is the case with filter cakes formed from clay particles. 
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4 Optimal Aggregate Size Distribution for the 

Formation of Highly Efficient Nanosheet Dynamic 

Membranes 
K. Roebuck and A. Y. Tremblay. Journal of Membrane Science 514 (2016): 143-154. 

 

In this work, intrinsically-porous aggregates of nanosheets having mono-, di-, and tri-modal 

particle size distributions were synthesized to produce densely-packed dynamic membranes. 

Alumina nanosheets were synthesized in 0, 25, and 50 vol% ethanol-water mixtures (Al-0, Al-

25, and Al-50, respectively). Using dynamic image analysis, it was determined that the 

alumina nanosheets twinned to form aggregate superstructures of distinct size distributions 

at each synthesis condition. The aggregates were intrinsically porous with three-dimensional 

pore connectivity. Dynamic membranes (DMs) were formed by the deposition of these 

aggregates on a substrate. The effect of ethanol content in the synthesis mixture on the 

performance of the DMs was investigated during the constant-pressure filtration of a 

bentonite solution. The results show that the Al-50 DM had the best performance based on 

flux and turbidity removal. The Al-50 DM reached the required turbidity level of <0.10 NTU at 

a flux that was 177% and 12% higher than the fluxes obtained by the Al-0 and Al-25 DMs, 

respectively. The superior performance of the Al-50 DM was explained by the presence of 

three aggregate size distributions providing optimal packing in the synthesized material. This 

reduced interstitial pores and resulted in a packing density of 74.7 –78.5% versus 54.0 – 

54.2% for Al-0.  
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4.1 Introduction 
Membrane separation is a low-energy alternative or supplement to traditional separation 

techniques [282–284]. However, membrane filtration has yet to become a fundamental 

treatment method due to the decline in membrane performance over time. Fouling and flux 

decline are an inevitable part of membrane operation. Thus, methods to reduce fouling 

have the potential to increase the operating lifetime of membranes [284,285], reduce 

maintenance time [286,287], reduce operating costs [285–287], and reduce energy 

consumption [284–287]. 

Numerous studies have been conducted on methods to counter the effects of membrane 

fouling through physical [288–291] and/or chemical means [289,290,292–295]. An 

alternative approach is to trap the foulant material in a deposited layer on top of the 

membrane, referred to as a dynamic membrane (DM), secondary membrane, or formed-in-

place membrane. The DM and the entrapped foulant can then be physically removed by 

brushing, air scouring, cleaning with tap water, or acid cleaning [191,192]. 

DMs were first reported in 1965 at Oak Ridge Laboratories by workers engaged in 

desalination research [194]. The use of DMs is currently well-established in wastewater 

treatment, where DMs are formed using coagulants [200,201], adsorbents 

[193,202,296,297], and sludge or biofilm [197,199,204]. However, further uses of DMs 

have not been well-researched. In particular, the application of nanoparticle DMs for 

problematic filtrations involving colloidal clays and other fine particles has not be 

established. 

The main benefit of DMs lie in the ability to remove one membrane layer once it has 

become severely fouled and form a fresh layer to continue filtration operations. However, 
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DMs have not been applied in large-scale applications due to the difficulty in predicting 

their physical properties [298].  

The objective of this work is to prepare intrinsically porous aggregates of nanosheets. The 

distribution of aggregates should be optimal to obtain a densely-packed dynamic 

membrane eliminating interstitial aggregate pores.  

In this study, nano-alumina aggregates were hydrothermally synthesized at various 

ethanol-water concentrations. Then, alumina DMs were formed in situ by the deposition of 

the nano-alumina aggregates on filter support. A mathematical model of the packing 

density for each alumina aggregate was developed. A colloid clay solution consisting of 

sonicated bentonite was used to test the filtration properties of the alumina DMs. The flux 

decline, turbidity reduction, separation factor, and particle retention were studied as a 

function of the ethanol-water concentration used in the synthesis of the nanosheets. 

 

4.2 Experimental 

4.2.1 Materials 
Cetyl trimethylammonium bromide (CTAB), sodium hydroxide pellets, anhydrous ethanol, 

isopropanol (99%), and bentonite (montmorillonite) were purchased from Sigma-Aldrich 

(Canada). Aluminum chloride hexahydrate (99%, nitrogen flushed) was purchased from 

Acros Organics. Cellulose filter paper (Whatman #4) was purchased from Fisher Scientific 

(Canada). All materials were used as purchased.  

 

4.2.2 Methods 

4.2.2.1 Alumina Synthesis 

Boehmite nanosheets were synthesized by metal salt hydrolysis. A known mass of 

aluminum chloride hexahydrate was dissolved in distilled, deionized water under vigorous 



53 
 

stirring. The pH of the solution was raised to 14 using sodium hydroxide pellets. CTAB was 

dissolved in anhydrous ethanol or distilled, deionized water. The surfactant solution was 

added to the precursor solution and left to stir at room temperature for 24 h. After stirring, 

the solution was poured into a Teflon-lined stainless steel autoclave (Parr Instrument 

Company, Illinois), sealed, and heated to 165°C for 12 h under autogenous pressure. The 

precipitate formed during crystallization accumulated at the bottom of the autoclave in the 

form of a disk. The disk of particles was placed in a fume hood to dry. Structures 

synthesized in 0 vol%, 25 vol%, and 50 vol% ethanol-water were calcined at 600°C for 4 h 

to produce alumina particles (referred to as Al-0, Al-25, and Al-50). 

 
4.2.2.2 Alumina Dynamic Membrane Filtration 

A typical filtration experiment was as follows: a clean 5.5 cm filter paper was placed in a 

flow cell. Initially, 500 g of distilled water was passed through the filter paper to determine 

its hydraulic permeability. 250 mg of alumina particles were suspended in 2500 g of 

distilled water and deposited as a DM at an applied pressure of 6.89 kPa. 500 g of distilled 

water was passed through the DM at 6.89 kPa. 125 mg of bentonite was ultrasonicated 

using a Fisher Scientific Sonic Dismembranator 550 in 80 g of distilled water for 60 s at 

50% power and added to 4020 g of distilled water. The turbidity of this mixture was 

measured three times using an HF Scientific Inc. Micro 100 Turbidimeter (Fort Myers, 

Florida); it was then filtered through the alumina DM at 34.47 kPa. The mass of filtrate 

leaving the flow cell was continuously monitored by a balance using LabVIEW software 

(National Instruments, Québec). The turbidity was measured manually at 250 g intervals. A 

control run was performed without the deposition of a dynamic membrane on the filter 

paper. 
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4.2.2.3 Particle Characterization 

Size distributions for the bentonite samples before and after DM filtration were determined 

with dynamic light scattering using a Zetasizer ZS90 (Malvern Instruments, 

Worcestershire, UK). For samples obtained during filtration, the filtration procedure above 

was followed. In addition, five 50 g samples of permeate were collected at 250 g intervals. 

The turbidity of all samples were measured manually. 

Size distributions of the alumina nanosheets (Figure 4-1a) were obtained by SEM. Alumina 

samples were mounted on aluminum stubs (Ted Pella, Redding, California). SEM imaging 

was performed using a Phenom Pro Desktop SEM (Nanoscience Instruments, Virginia) at 

an accelerating voltage of 10 kV. Sizes were estimated by measuring the length, width, and 

thickness of 20 nanosheets at each synthesis condition using ImageJ software. 

During synthesis, the alumina nanosheets twinned to form alumina particles (Figure 4-1b). 

These particles then agglomerated to form aggregates (Figure 4-1c). The size distributions 

of the alumina aggregates were obtained by dynamic particle size analysis. A typical 

procedure was as follows: a flow cell capillary was cleaned using isopropanol and DI water. 

A 1-mL aliquot from a 0.01 M alumina stock solution was diluted to 100 mL with DI water. 

The solution was pumped through the flow cell at 0.1 mL/min using a peristaltic pump and 

analyzed using a DPA-4100 dynamic particle analyzer at high magnification (Brightwell 

Technologies Inc., Ottawa). 

The bulk density of the alumina aggregates was estimated by measuring the volume of 

known masses of the samples after settling in water. The porosity of the alumina 

aggregates was estimated using the water evaporation method [244,299]. 
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The macroscopic surface area of the alumina nanosheets was determined based on the 

surface area and volume of a single nanosheet as determined by SEM (m2) [300–302] and 

the density of alumina (3975 kg/m³) [303]. 

 

   

(a) (b) (c) 
   

 
Figure 4-1:  Graphical Representations of (a) Nanosheets; (b) Particles; and (c) Aggregates 

 
 
4.2.2.4 Dynamic Membrane Characterization 

The hydraulic permeabilities of the alumina DMs were measured during filtration by the 

application of Darcy’s law: 

𝜆 =
Δ𝑃

𝜇
(

1

𝐽𝑡𝑜𝑡𝑎𝑙
−  

1

𝐽0
) (4-1) 

where λ is the resistance of the DM (m-1), ΔP is the pressure difference across the DM and 

filter paper (Pa), μ is the viscosity of the fluid (Pa·s), J0 is the average flux across the filter 

paper (m/s), and Jtotal is the average flux across the DM and filter paper, as determined in 

separate experiments [304]. 

The hydraulic permeability of the DM is then 

𝜅 =
𝑥

𝜆
 (4-2) 

where κ is the hydraulic permeability (m2), and x is the thickness of the DM (m) [304]. The 

value of κ is converted to millidarcies with the following conversion factor: 1 mDa = 

9.869233×10-16 m2. 
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Given the bulk density of the aggregates, the thickness of the DM was estimated by 

𝑥 =
𝑚

𝜌𝑏𝐴
 (4-3) 

where m is the mass of the sample (kg), ρb is the bulk density of the sample (kg/m³), and A 

is the area of the filter paper available for filtration (m²). The thickness of the DM was also 

measured manually using a Mitutoyo digital caliper. 

A bentonite turbidity calibration curve was prepared in the range of 0 to 10 NTU. A plot of 

concentration versus turbidity was constructed to determine an equation relating the two 

quantities. The separation factor achieved during DM filtration is given by 

𝑆𝐹 =
𝐶0 − 𝐶

𝐶0
 (4-4) 

where C0 is influent solids concentration (g/L) and C is permeate solids concentration 

(g/L). 

The composition of the fouled DMs was characterized using the JEOL 8230 SuperProbe and 

Energy Dispersive Spectrometry (EDS) at 20 kV under low vacuum. 

 
4.2.2.5 Sphere-Packing Models 

A three-sphere packing model was developed to estimate the packing density of the 

alumina aggregates produced in this work. The aggregates are modelled as perfect spheres. 

The model is based on the idea that the packing of spheres in a closed container is affected 

by the distance of the spheres from the boundaries of the container [305]. The packing 

density for spheres located far from the container boundaries is assumed to be 

independent of the container shape. This density is referred to as the center part density. 

Spheres located near the surface of the container are affected by the boundaries of the 

container, which can be accounted for by a boundary evacuation coefficient. 



57 
 

The model of Yamada [305] was extended from a two-sphere model to a three-sphere 

model to accommodate the size distributions obtained in this work. The total packing 

densities for containers packed with one, two, and three sets of mono-sized spheres are 

given below: 

 

One-Sphere Packing 

𝐷1 = (1 − 𝜀𝑟1

𝑆

𝑉
) 𝐷𝑐 (4-5) 

where D1 is the packing density (expressed as a fraction) of mono-sized spheres in a 

container of surface area S and volume V, ε = 0.387 + 0.01 [305] is the boundary evacuation 

coefficient, and Dc = 0.543 + 0.002 [305] is the center part density. 

 

Two-Sphere Packing 

𝐷1,2 = 𝐷𝑐 {2 − 𝐷𝑐 − 3𝜀𝐷𝑐

𝑟1

𝑟2
+ 𝜀

𝑆

𝑉
[𝑟2(𝐷𝑐 − 1) − 𝑟1(1 − 3𝜀𝐷𝑐)]} (4-6) 

where D1,2 is the packing density of two sets of mono-sized spheres for r1 < r2. 

 

Three-Sphere Packing 

In this section, we develop a model for packing a container of known volume V and surface 

area S with three sets of mono-sized spheres with r1 < r2 < r3. 

As described in [305], we first pack the container with the larger spheres of radius r3. The 

volume of the spheres of radius r3 is approximately 

𝑉3 = (𝑉 − 𝜀𝑟3𝑆)𝐷𝑐 (4-7) 
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The surface area of the spheres with radius r3 is 

𝑆3 =
3

𝑟3
𝑉3 (4-8) 

We then fill the remaining volume around the spheres of radius r3 with spheres of radius r2. 

The volume of the spheres with radius r2 is approximately 

𝑉2 = [(𝑉 − 𝑉3) − 𝜀𝑟2(𝑆 + 𝑆3)]𝐷𝑐 (4-9) 

The surface area of the spheres with radius r2 is 

𝑆2 =
3

𝑟2
𝑉2 (4-10) 

This approach was extended to the three-sphere packing model by filling the remaining 

volume around the spheres of radii r3 and r2 with spheres of radius r1. The volume of the 

spheres with radius r1 is approximately 

𝑉1 = [(𝑉 − 𝑉2−𝑉3) − 𝜀𝑟1(𝑆 + 𝑆2 + 𝑆3)]𝐷𝑐 (4-11) 

The surface area of the spheres with radius r1 is 

𝑆1 =
3

𝑟1
𝑉1 (4-12) 

The total packing density is then determined by 

𝐷1,2,3 =
𝑉1 + 𝑉2 + 𝑉3

𝑉
 (4-13) 

After simplification, it can be shown 

𝐷1,2,3 =
𝐷𝑐

𝑉
{𝑉 + (𝐾1 + 𝐾3)(1 − 𝐷𝑐) − 𝜀𝑟1 [𝑆 + 3𝐷𝑐 (

𝐾1

𝑟3
+

𝐾3

𝑟2
)]} (4-14) 

𝐾1 = 𝑉 − 𝜀𝑟3𝑆 (4-15) 

𝐾2 = 𝑆 +
3

𝑟3
𝐷𝑐𝐾1 (4-16) 

𝐾3 = 𝑉 − 𝐷𝑐𝐾1 − 𝜀𝑟2𝐾2 (4-17) 

where D1,2,3 is the packing density of two sets of mono-sized spheres for r1 < r2 < r3. 
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4.2.2.6 Filtration Models 

In the linearized form of Hermia’s filtration models [306], the value of the slope indicates 

the primary mode of filtration. The slope values of 0, -1, -2, and -0.5 indicate complete 

blocking, intermediate blocking, pore constriction, and cake filtration, respectively. 

 

4.3 Results 

4.3.1 Particle Characterization 
The particle size distribution of the bentonite sample prior to filtration is shown in Figure 

4-2. As can be seen from the figure below, the bentonite clay was monodisperse with low 

variability in particle diameter. 

 

Figure 4-2: Particle Size Distribution of Bentonite Prior to Dynamic Membrane Filtration 
Determined by Dynamic Light Scattering 

 

The size characteristics of the alumina nanosheets, as measured during SEM analysis, are 

summarized in Table 4-1 as a function of ethanol-water concentration in the synthesis 

mixture. As can be seen in Figure 4-3, the alumina nanosheets were monodisperse with low 
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variability in all size characteristics at each synthesis condition. The length of the 

nanosheets was not affected by the ethanol-water concentration in the synthesis mixture, 

and remained constant at an average of 3.7 – 3.9 μm. The average width was 2.5 – 2.6 μm in 

pure water and 25 vol% ethanol-water. Synthesis in 50 vol% ethanol-water reduced 

nanosheet width by 35% and increased the aspect ratio from 1.5 to 4.3. Addition of ethanol 

to the synthesis mixture reduced the nanosheet thickness by a factor of 2.0 and the volume 

by a factor of 1.9 to 4.8. 

 

Table 4-1: Size Characteristics of Alumina Nanosheets 
Ethanol 

Content by 

Volume 

Length (μm) Width (μm) Thickness (nm) Volume1 (μm³) 

0% 3.8 + 0.6 2.5 + 0.6 200 + 172 1.9 + 0.7 

25% 3.7 + 0.8 2.6 + 0.7 100 + 172 1.0 + 0.5 

50% 3.9 + 0.6 0.9 + 0.2 100 + 172 0.4 + 0.1 

1Volume = Length x Width x Thickness 

Average + Standard Deviation (2resolution of SEM) 
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(a) 
 

(b) 
 

(c) 

 

(d) 
 

(e) 
 

(f) 
 

Figure 4-3: SEM Micrographs of Alumina Aggregates Prior to Dynamic Membrane 
Formation 

(a,d) Al-0; (b,e) Al-25; (c,f) Al-50 
Scale Bars: 30 µm (a,b,c) and 10 µm (d,e,f) 

Dashed Circles Indicate Largest Aggregate, as Described in Figure 4-4 
 

The particle size distributions of the alumina aggregates characterized by dynamic particle 

size analysis are shown in Figure 4-4. When ethanol was added to the synthesis mixture, 

the average aggregate size increased by a factor of 2 to 5 and the distribution became 

trimodal. 
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(a) (b) (c) 

 

Figure 4-4: Particle Size Distributions of Alumina Aggregates as Measured by Dynamic 
Particle Size Analysis 

(a) Al-0; (b) Al-25; (c) Al-50 
 

The bulk density, porosity, and specific surface area of the alumina aggregates settled in 

water are listed in Table 4-2 as a function of ethanol-water concentration in the synthesis 

mixture. The addition of ethanol during the synthesis process reduced the bulk density by 

28%, increased the porosity by 11%, and increased the specific surface area by a factor of 

2. 

Table 4-2: Density and Porosity of Alumina Aggregates Settled in Water 

Ethanol Content by 
Volume 

Bulk Density 
(kg/m³) 

Porosity (%) 
Macroscopic Surface 

Area (m2/g) 

0% 123 79 2.89 

25% 91 85 5.31 

50% 89 88 5.70 
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4.3.2 Characteristics of the Dynamic Membranes 
The thickness and hydraulic permeability of the alumina DMs are listed in Table 4-3 as a 

function of ethanol-water concentration in the synthesis mixture. The predicted and 

measured DM thicknesses coincide well, indicating no significant compaction of the DM 

during deposition. Although the same mass of alumina was used to form the DMs, the 

addition of ethanol during synthesis of the aggregates increased the thickness of the DMs 

by a factor of 1.4 and hydraulic permeability by a factor of 10.9. This pattern coincides with 

the reduction in bulk density and increase in porosity with the increase in ethanol content 

in the alumina samples seen in Table 4-2.  

 
Table 4-3: Thickness and Hydraulic Permeability of Alumina Dynamic Membranes 

Ethanol Content by 

Volume 

Predicted Thickness 

(μm) 

Measured Thickness 

(μm) 

Hydraulic Permeability 

(mD) 

0% 852 820 65.7 

25% 1159 1140 174 

50% 1179 1230 714 

 

The dynamic membranes were characterized under pure water filtration at 6.89 kPa, as 

shown below in Figure 4-5. The pure water flux through the DMs increased as a function of 

ethanol content in the synthesis mixture, from an average of 765 LMH for Al-0 to 2495 LMH 

for Al-50.  
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Figure 4-5: Pure Water Fluxes Through Alumina Dynamic Membranes as a Function of 
Volume at 6.89 kPa 

 

4.3.3 Modelling the Dynamic Membranes Based on Sphere Packing Models 
The sphere packing models in Equations (4-5) to (4-17) were used to estimate the packing 

densities for spheres contained in the DMs. The DMs were modelled as cylindrical disks. 

The dimensions of the DMs were used to estimate the surface area and volume of the 

cylindrical disks for the purposes of the model estimates, as specified in Table 4-4.  Using 

the data from the particle size distributions in Figure 4-4a, b, and c for particle diameter, 

the packing densities of the alumina samples were estimated. These results can be 

observed in Figure 4-6 to Figure 4-8.  
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Table 4-4: Size Characteristics of Alumina DMs 

Ethanol Content by 

Volume 
Surface Area (m²) Volume (m³) 

Surface-to-Volume 

Ratio 

0% 4.89 x 10-3 1.95 x 10-6 2510 

25% 4.95 x 10-3 2.71 x 10-6 1830 

50% 4.96 x 10-3 2.92 x 10-6 1700 

 

For single sphere packing, the packing density decreases linearly as a function of sphere 

radius from the maximum value of 54.3% as shown in Figure 4-6. In the limiting value of 𝑟1

→ 0 in Equation (4-5) the packing density of the spheres becomes the center part density, 

𝐷𝑐 . As 𝑟1 increases, the packing density decreases linearly with slope −
𝜀𝑆

𝑉
. The decreased 

packing density reflects the effects of the container edges on the spheres’ ability to pack 

efficiently. The packing density for Al-0 was estimated to be 54.0 – 54.2% as shown in the 

shaded region in Figure 4-6. 
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Figure 4-6: Single Sphere Packing Densities in a Cylindrical Container with Dimensions 
As Specified in Table 4-4 

(shaded region designates sample packing density for Al-0) 
 

In two-sphere packing, the packing density increases rapidly as a function of r2/r1 for low 

values of this ratio and decreases steadily for larger values of r2/r1, as shown in Figure 4-7a. 

The maximum value 76.3% occurs in a lobe-shaped region for low values of r1 and values of 

r2/r1 > 16. This value coincides well with the other theoretical maximum packing densities 

found in the literature for binary sphere packing, 73.9% [307] and 74.8% [308]. The region 

of rapid increase for low values of r1 is expanded in Figure 4-7b. The packing density for Al-

25 occurs inside the region of rapid increase. It was estimated to be 65.3 – 74.4% as shown 

in the shaded region in Figure 4-7b. 
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(a) 

 

(b) 

 

Figure 4-7: Two-Sphere Packing Densities in a Cylindrical Container with Dimensions As 
Specified in Table 4-4 

(a) Full View (b) Restricted View 
(shaded region designates sample packing density for Al-25) 

 

In three-sphere packing, the packing density increases rapidly at constant r2/r1 for 

increasing values of r3/r1, as shown in Figure 4-8a. The maximum packing density of 85.0% 

occurs for optimal values of r2/r1 and r3/r1 inside an elliptical region. The region of rapid 

increase for low values of r3/r1 is expanded in Figure 4-8b. The packing density for Al-50 

occurs inside the region of rapid increase. It was estimated to be 74.7 – 78.5% as shown in 

the shaded region in Figure 4-8b. 
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(a) 

 

(b) 

 

Figure 4-8: Three-Sphere Packing Densities in a Cylindrical Container with Dimensions 
As Specified in Table 4-4 

(a) Full View (b) Restricted View 
(Shaded Region Designates Sample Packing Density for Al-50) 

 

4.3.4 Filtration Results 
The flux decline profiles for each DM as a function of permeate volume are shown below in 

Figure 4-9. All DMs began at fluxes in the range of 7000 – 11000 LMH and declined over the 

course of the 3 L filtration run to final fluxes in the range of 400 – 1000 LMH. Three 

individual samples of Al-50 were synthesized as described in Section 2.2.1. They were 

deposited onto the filter substrates to form three individual Al-50 DMs. Three separate 

filtration runs were performed on these Al-50 DMs. The average and deviation of the flux 

values are presented in Figure 4-9. 

Each alumina DM had its own unique flux decline profile, indicating that the distinct 

structural properties of the alumina nanosheets and aggregates had a defining role in how 

each DM performed during the filter run. The final flux of each alumina DM after 
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permeating 3 L of bentonite solution increased as a function of ethanol content in the 

synthesis mixture: 405, 506, and 980 + 30 LMH, for Al-0, Al-25, and Al-50, respectively. 

The filtration run without a dynamic membrane did not exhibit the characteristic flux 

decline profile found in membrane filtration. This indicates that the bentonite particles 

were not retained on the filter paper during this filtration run. Thus, the dynamic 

membranes are necessary to retain the bentonite particles. 

 

 

Figure 4-9: Flux Decline During Filtration of Bentonite With and Without Alumina Dynamic 
Membranes as a Function of Permeate Volume at 34.47 kPa (error bars for Al-50 were 

determined based on 3 runs at the same experimental conditions) 
The filtration mechanisms for each DM can be elucidated from a log-log plot of flux versus 

time, as shown in Figure 4-10. The slopes of the linearized data for each DM were 

determined and matched to the corresponding values for Hermia’s models. These values 

are summarized in Table 4-5 below. 
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It was found that Al-0, Al-25, and Al-50 had slopes of approximately -1 in their first linear 

region, indicating that each DM initially underwent intermediate blocking. Al-0 

transitioned to a slope of  

-0.81 at 7.5 min, indicating a shift towards cake filtration. The slope of Al-25 changed to  

-2.06 at 8 min, indicating a complete transition to pore constriction. After an additional 3 

min, the slope changed to -0.81, indicating a shift towards cake filtration. The slope of Al-50 

transitioned to  

-1.74 after 10 minutes, indicating a shift towards pore constriction. After an additional 4.5 

minutes, the slope changed to -0.88, indicating a shift towards cake filtration. The volumes 

permeated through the DMs for these transition times are listed in Table 4-5. 

Overall, no evidence of bentonite cake was found on the surface of the Al-0, Al-25, or Al-50 

DMs. In the side-view of the Al-0 and Al-25 DMs in Figure 4-11d and e, agglomerates are 

visible on the surfaces of the alumina particles. In Figure 4-11f, the agglomerates were 

distributed evenly across the surface of the Al-50 DM. Thus, the transition to cake filtration 

was not complete by the end of the filtration runs. This is supported by the values of the 

slopes in Table 4-5, which are between the values for intermediate blocking and cake 

filtration. 

The amount of ethanol used in the synthesis mixture had an effect on the ability of the 

alumina DMs to resist fouling by the bentonite particles. With the Al-0 DM (no ethanol), 

only two distinct fouling regions were observed as shown in Table 4-5. Additionally, the Al-

0 had the fastest transition time from intermediate blocking to pore constriction, indicating 

a low resistance to internal fouling. With the addition of ethanol, a third distinct fouling 
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region was observed, and the transition time between fouling regions increased. This 

indicates that the addition of ethanol increased the fouling resistance of the alumina DMs. 

 

 

Figure 4-10: Log-Log Plot of Flux Versus Time For Filtration Runs for Alumina Dynamic 
Membranes at 34.47 kPa (error bars for Al-50 were determined based on 3 runs at the 

same experimental conditions) 
 

Table 4-5: Filtration Mechanisms and Transition Times for Alumina Dynamic Membranes 

 Al-0 Al-25 Al-50 

Region Slope 
Time 

(min) 

Volume 

(mL) 
Slope 

Time 

(min) 

Volume 

(mL) 
Slope 

Time 

(min) 

Volume 

(mL) 

1 -1.04 0 0 -0.99 0 0 -0.94 0 0 

2 -0.81 7.5 970 -2.06 8 1487 -1.74 10 1778 

3 -0.81 - - -0.81 11 1676 -0.88 14.5 2158 
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(a) (b) (c) 

   

(d) (e) (f) 

Figure 4-11: SEM Micrographs of Side-View of Fouled Alumina Dynamic Membranes (a, d) 
Al-0; (b, e) Al-25; (c, f) Al-50 

(Scale Bars: 30 µm (a,b,c) and 10 µm (d,e,f); Arrow Indicates Direction of Flow; (d, e) 
Dashed Circles Indicate Presence of Bentonite Foulant)  

 

The elemental composition of several sites on each fouled dynamic membrane was probed 

using EDS, as shown in Figure 4-12. In particular, the total calcium content was used to 

determine whether bentonite was present at the site, as this element was only found in 

bentonite and not in any other compound used in this work. As shown in Table 4-6, 

bentonite deposited preferentially at specific sites on the surfaces of certain Al-0 and Al-25 

particles, but uniformly across the entire surface of all Al-50 particles. 
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(a) (b) (c) 

 
Figure 4-12: SEM Micrographs of Side-View of Fouled Alumina Dynamic Membranes for 

Electron Dispersive Microscopy (a) Al-0; (b) Al-25; (c) Al-50 
 

 

Table 4-6: Calcium Content in Fouled Alumina Dynamic Membranes as Measured by 
Electron Dispersive Spectrometry 

Sample Calcium Weight % Observation Identified As 

Al-0-A 6.48 Deposit Bentonite 

Al-0-B 18.75 Deposit Bentonite 

Al-0-C 0 No deposit Alumina 

Al-25-A 3.55 Deposit Bentonite 

Al-25-B 0 No deposit Alumina 

Al-25-C 0 No deposit Alumina 

Al-50-A 5.99 Deposit Bentonite 

Al-50-B 5.24 Deposit Bentonite 

Al-50-C 4.78 Deposit Bentonite 
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The separation of foulant achieved during filtration is shown in Figure 4-13 and Figure 

4-14. The target level was set to the requirements for drinking water (<0.10 NTU) [309]. A 

combination of a high flux, low bentonite breakthrough, and high separation factor was the 

desired outcome. No reduction in turbidity was observed during the control run (without 

the DM). For runs with DMs, an increase in flux and separation factor was observed as the 

proportion of ethanol in the synthesis mixture increased. The target level was reached 

within the first 660 mL of permeate volume at a flux of 7000 LMH for the Al-50 DM, as 

compared to 710 mL at 6300 LMH for the Al-25 DM and 850 mL at 2400 LMH for the Al-0 

DM as shown in Figure 4-13 and Figure 4-14. 

 

 
Figure 4-13: Separation of Bentonite During Dynamic Membrane Filtration Run as a 

Function of Flux at 34.47 kPa (error bars for Al-50 were determined based on 3 runs at the 
same experimental conditions) 
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Figure 4-14: Separation of Bentonite During Dynamic Membrane Filtration as a Function of 

Permeate Volume at 34.47 kPa (error bars for Al-50 were determined based on 3 runs at 
the same experimental conditions) 

 

The turbidity and particle size distributions of the permeate were monitored as a function 

of permeate volume during the first 1.25 L of bentonite filtration using no DM and the Al-50 

DM. As shown in Figure 4-15, no reduction in turbidity or particle size is observed, 

indicating that the bentonite particles pass through the filter paper. As shown in Figure 

4-16, the reduction in turbidity coincides with a reduction in permeate particle size. 

Compared to the feed turbidity and average particle size (6.54 NTU and 0.43 μm), the 

sudden reduction in particle size after the first reading is indicative of the ability of the Al-

50 DM to retain the bentonite particles with little breakthrough. Furthermore, the particle 

size distributions gradually shifted towards lower particle sizes, showing a further 

reduction in average particle diameter over time. 
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Figure 4-15: Bentonite Particle Size Distributions and Turbidity During Membrane 

Filtration Using No DM 
 

 
Figure 4-16: Bentonite Particle Size Distributions and Turbidity During Membrane 

Filtration Using Al-50 DM 
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4.4 Discussion 
Monodisperse alumina nanosheets were successfully synthesized in various ethanol-water 

mixtures. The size characteristics of the nanosheets were dependent on the ethanol content 

in the synthesis mixture. An increase in ethanol decreased the width and thickness of the 

nanosheets, while the length remained the same. Overall, an increase in ethanol content in 

the synthesis mixture reduced the volume of the nanosheets by a factor of 2.0 to 4.8. 

During synthesis without ethanol, the alumina nanosheets twinned to form particles as 

shown in Figure 4-4a. As the ethanol content in the synthesis mixture was increased, the 

particles aggregated into 3D superstructures with unique particle size distributions, as 

shown in Figure 4-4b and c. 

A mathematical model was developed to represent the packing density of the clusters, by 

extending a binary sphere packing model in confined geometries [305] to a three-sphere 

packing model. The three alumina samples were modeled using one-, two-, and three-

sphere packing models. Al-0, Al-25, and Al-50 had packing densities 54.0 – 54.2%, 67.3 – 

72.7%, and 74.6 – 75.5%, respectively. These values show that the reduction in volume of 

the Al-50 particles allows for a higher packing density of these particles in a given 

container size. 

Dynamic membranes were formed by the deposition of the alumina particles on filter 

support. In It was determined that the Al-50 DM had the highest porosity and hydraulic 

permeability of the three samples, at 88% and 714 mD, respectively. This unique 

combination of high packing density, porosity and hydraulic permeability is an indication 

that Al-50 is a highly monodisperse material with little to no defects. 
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In Table 4-7, the performance of the DMs produced in this work are compared to those 

obtained in the literature. Based on turbidity removal, the alumina DMs perform better 

than the majority of the DMs listed.  Furthermore, the flux during filtration operation 

achieved in this work is higher than almost all of the fluxes of the DMs in Table 4-7. 

Therefore, the alumina DMs achieve both metrics for good membrane performance: a high 

filtration flux and high turbidity removal. 
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Table 4-7: Dynamic Membranes for Turbidity Reduction 

Dynamic Membrane 

Material(s) 
Material(s) Filtered Flux (LMH) Turbidity Reduction Reference 

Alumina 
Colloidal clay 

(bentonite) 
405, 506, 982 >99% This work 

Diatomite Raw water 92.5 >99% [203] 

Diatomite Polluted surface water 30, 50, 80 85 – 96% [310] 

Heavy kaolin, light 

kaolin, diatomite, 

Fuller’s earth 

Secondary effluent 

from wastewater 

treatment plant 

50 68 – 96% [202] 

FeCl3 Raw water - 60 – 90% [200] 

MnO2 

Secondary effluent 

from wastewater 

treatment plant 

58 >99% [192] 

MnO2 

Mineral processing 

water and oil refinery 

wastewater 

990 85 – 98% [311] 

PAC Formazin solution 150 97 – 99% [297] 

PAC Raw water 100 97% [201] 

Sludge Raw wastewater 6, 19, 91, 99 95 – 98% [199] 

Sludge Raw wastewater 12.6 75 – 81% [205] 

Sludge Synthetic wastewater 2.6 97 – 99% [312] 

TiO2 4-chlorophenol 100 98 – >99% [313] 

 

Bentonite (montmorillonite) was used as a representative particle to characterize the 

filtration abilities of the alumina DMs. The bentonite used in this work was sonicated for 60 

s at 50% power to break up aggregates. The particle size distribution of bentonite was 

shown in Figure 4-2. Bentonite is a hydrated smectite mineral composed of two silica 

tetrahedral layers with a central octahedral layer. Water and cations occupy the space in 
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between the layers [314]. The bentonite used in this study had a mixture of sodium and 

calcium cations. 

Colloidal clays are known membrane foulants [315–317]. Bentonite, in particular, was 

specifically chosen as a model clay due to its unique ability to swell in aqueous solution and 

form an impenetrable cake [314]. 

The alumina nanosheets are highly homogeneous at all synthesis conditions with low 

variability in size parameters. Twinning of the nanosheets during crystal growth produced 

an open, highly porous 3D network of monodisperse particles that resisted compaction 

during dynamic membrane formation. In particular, the Al-50 DM reached the highest final 

flux (980 + 30 LMH), indicating that its twinned nanosheet structure is particularly ideal 

for this type of filtration. 

The differences in aggregate structure and their effect on filtration become apparent when 

the SEM images were analyzed. As evidenced by the distribution of bentonite particles on 

the surface of the Al-0 DM in Figure 4-11d, filtration occurred through preferential 

channeling. The Al-0 DM also had the lowest packing density of the three DMs (54.0 – 

54.2%), and therefore the largest pore channels available for flow. From the log-log plot in 

Figure 4-10, it was determined that the Al-0 DM transitioned directly from intermediate 

blocking to early cake filtration, without a third fouling regime (pore constriction) like the 

other two DMs. Due to the large internal channels of the Al-0 DM, any bentonite particles 

that entered the pores passed directly through the channels. Thus, the Al-0 DM was slower 

at reaching the target turbidity of 0.10 NTU and did so at a lower flux than the other two 

DMs. 



81 
 

Conversely, as shown in Figure 4-11f, foulant particles were distributed evenly across the 

surface of the Al-50 DM. The Al-50 DM had the highest packing density (74.6 – 75.5%) and 

porosity (88%) of the three DMs. These values indicate that the Al-50 particles packed 

most efficiently together when forming aggregates with high interparticle porosity due to 

their low nanosheet volume. This combination of high packing density and high porosity 

also indicates that the alumina aggregates were intrinsically porous with three-

dimensional connectivity. Overall, the high degree of packing allowed for an even 

distribution of flow throughout the internal aggregate pores of the Al-50 DM. Turbidity 

reduction occurred much more rapidly as compared to the mechanism exhibited by the Al-

0 DM. 

The ability of the Al-50 DM to retain bentonite particles is illustrated in Figure 4-16. During 

the first 0.25 L of filtration, Al-50 reduces the feed turbidity by 97%, from 6.54 NTU to 0.21 

NTU. The feed solution contains bentonite particles with an average particle size of 0.43 μm 

+ 0.05 μm. The alumina DMs are composed of aggregates with an average particle size up to 

9x larger than the bentonite particles. During the first 0.25 L, the particle size is reduced by 

65% to <0.15 μm. Separation is very high from the beginning, indicating that the pore size 

distribution of the Al-50 DM is narrow. If it were not, there would be breakthrough. 

The particle size distributions remain constant during the filtration run in Figure 4-16, 

further supporting the idea that a bentonite cake does not build up on the surface of the 

DM. Instead, the bentonite is retained inside the body of the DM. 

Based on the initial particle size distribution obtained by DLS shown in Figure 4-2, no 

bentonite particles are in the range of <0.295 μm. DLS relies on cumulative light scattering 

to determine the size of particles in a sample. It is best suited to monodisperse particles in 
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low-viscosity solvents. In the case of polydisperse samples, DLS will favour the larger 

particles due to their proportionally higher light scattering effect [318]. The small particles 

that passed through the Al-50 DM were present in the original sample, but not in a 

significant enough quantity to be picked up by DLS. 

 

4.5 Conclusions 
Alumina aggregates were manufactured in 0, 25, and 50 vol% ethanol-water solutions by 

the calcination of boehmite powders synthesized under the same conditions. 

Using dynamic image analysis, it was determined that the alumina nanosheets linked 

together to form aggregates of similar sizes under each synthesis condition. In particular, 

Al-0 formed one set of monodisperse aggregates; Al-25 formed two sets of monodisperse 

aggregates; and Al-50 formed three sets of monodisperse aggregates. A sphere-packing 

model was developed to model the packing densities of the alumina aggregates. Al-0, Al-25, 

and Al-50 had packing densities of 54.0 – 54.2%, 67.3 – 72.7%, and 74.6 – 75.5%, 

respectively. 

The operating flux of the Al-50 DM was the highest of all the DMs during bentonite 

filtration. The initial flux was 9200 + 1500 LMH (35% higher), and the final flux after 3 L of 

bentonite solution was 980 + 30 LMH (145% higher). Furthermore, the Al-50 DM reduced 

the turbidity of the permeate from the initial value of 6.54 NTU to the target of <0.10 NTU 

within the first 580 mL of filtration, 32% faster than the other DMs. 

The Al-50 DM had the highest packing density and porosity of the three DMs tested in this 

work. The aggregates were intrinsically porous with three-dimensional connectivity. The 

high degree of packing allowed for an even distribution of flow throughout the internal 

aggregate pores of the Al-50 DM. 
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5 Highly Permeable Twinned Alumina Nanoparticles 

for the Precoat Filtration of Fine Colloids 
K. Roebuck and A. Y. Tremblay. Separation and Purification Technology 182 (2017): 197-206. 

 

Pretreatment is key to the success of any fine filtration process. Precoat filtration is a common 

method to reduce fine particulate matter in feed streams. In this study, precoat filters were 

formed by the deposition of the diatomaceous earth (DE) or twinned alumina nanosheets 

(TAN) particles on a substrate. The TAN particles were produced via metal salt hydrolysis. 

The performance of the precoat filters was investigated during the constant-pressure 

filtration of a bentonite solution. The results showed that the TAN precoat exhibited enhanced 

flow properties and reduced the turbidity of the filtrate more rapidly than either of the DE 

precoats. The TAN precoat reached the required turbidity level of <0.10 NTU at a flux that 

was up to 28 times higher than the fluxes obtained by the DE precoats. The superior 

performance of the TAN precoat was explained by (1) the ability of the TAN precoat to resist 

compaction during filtration due to the unique twinning of the alumina nanosheets forming 

the TAN particles, (2) the strong attractive forces between the bentonite and TAN particles 

based on their opposite surface charges, and (3) the isotropic permeability of the TAN 

aggregates. 

 

5.1 Introduction 
Membrane fouling due to finely suspended solids and colloids continue to be problematic 

in the long term operation of nanofiltration (NF), reverse osmosis (RO) and electrodialysis 

(ED) water treatment systems. Excessive particulates can also block spacers in NF/RO and 
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ED membrane modules. These fine suspended solids are increasingly being removed by 

precoat filtration [319,320]. 

The operating lifetime of membranes can be increased by adopting methods that reduce 

fouling [284,285]. In addition, these methods have the potential to decrease maintenance 

time [286,287], plant  operating costs [285–287], and overall energy consumption [284–

287]. They also play a pivotal role in the operation of desalination plants. In 2007, the 

largest desalination plant in North America, located in Tampa, Florida, could be reopened 

by the addition of a diatomaceous earth (DE) precoat filtration system [321]. 

Precoat filtration is a common method to reduce fouling and flux decline during treatment, 

whereby large particles and debris are removed by a thin, dense, and highly permeable 

layer of particles. Foulants are separated during prefiltration primarily by sieving. Common 

filter aids include diatomaceous earth (DE), perlite, cellulose and activated carbon [322–

324]. 

Prefilters and filter aids have been studied extensively in the literature. Lihong et al. 

compared the compressibility of DE and cellulose filter aids during the filtration of highly 

viscous gels [323]; Michen et al. fabricated a depth filter from DE and investigated its 

ability to remove colloidal latex particles from solution [325]; Valderamma-Bravo et al. 

explored the effect of DE precoat thickness on filtration rate during constant pressure 

filtration of corn liquor [326]; Farag and El-Anany explored the effect of different filter aids 

(Magnesol XL, DE, and kaolin) on the removal of secondary oxidation products from used 

fryer oils [327]. 

Filter aids find great applicability in drinking water filtration [328], as they can be used to 

reduce parameters like turbidity to acceptable levels. High turbidity can be an indication of 
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contaminated water [309], therefore it is desirable to minimize turbidity values. Turbidity 

targets for drinking water are shown below in Table 5-1. 

 
Table 5-1: Turbidity Regulations for Drinking Water 

Regulatory Agency Turbidity Target References 

World Health Organization Median turbidity <0.1 NTU [329] 

Health Canada 

Conventional and direct filtration: ≤ 0.3 NTU 

Slow sand and diatomaceous earth filtration: 

≤ 1.0 NTU 

Membrane filtration: ≤ 0.1 NTU 

[309] 

United States Environmental 

Protection Agency 
<0.3 NTU in 95% of tests [330] 

 

With common filter aids like diatomaceous earth and perlite, there is a tradeoff between 

permeability and achievable turbidity reduction during filtration. In the studies on precoat 

filtration cited above, it was found that the effectiveness of the filter aids was reduced due 

to either the low porosity, low hydraulic permeability or compaction of the precoat. There 

is a need for filter aids with enhanced flow properties, whereby a rapid decrease in 

turbidity can be achieved at high filtrate throughput. The fabrication of such a filter aid is 

therefore of great interest. 

In a previous work, low density, high porosity alumina filter aids were manufactured under 

hydrothermal conditions at three ethanol-water concentrations (0 vol%, 25 vol%, and 50 

vol%) [331]. The filter aid synthesized at 50 vol% ethanol-water had the highest hydraulic 

permeability, and was therefore selected for use in this study. However, the performance of 

the alumina filter aids in comparison to widely-used industrial filter aids is unknown. 
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In this study, twinned alumina nanosheets were hydrothermally synthesized in a 50 vol% 

ethanol-water mixture. Then, the TAN and diatomaceous earth precoats were formed in 

situ by the deposition of the materials on a substrate. The precoats were challenged with 

sonicated bentonite to compare the filtration performances of the TAN and diatomaceous 

earth filter aids. 

 

5.2 Experimental 
5.2.1 Materials 
Cetyl trimethylammonium bromide (CTAB), sodium hydroxide pellets, anhydrous ethanol, 

isopropanol, diatomaceous earth (medium grade DE-512 and fine-grade DE-577), and 

bentonite (montmorillonite) were purchased from Sigma-Aldrich (Canada). Aluminum 

chloride hexahydrate (99%, nitrogen flushed) was purchased from Acros Organics. 

Cellulose filter paper (Whatman #4) was purchased from Fisher Scientific (Canada). All 

materials were used as purchased.  

 

5.2.2 Methods 
5.2.2.1 Alumina Synthesis 
Boehmite nanosheets were synthesized by metal salt hydrolysis. A precursor solution was 

formed by the dissolution of a known quantity of aluminum chloride hexahydrate in 

distilled, deionized water under vigorous stirring. The pH of the solution was raised to 14 

using sodium hydroxide pellets. A surfactant solution was formed by the dissolution of 

CTAB in anhydrous ethanol. The surfactant solution was added to the precursor solution to 

form a 50 vol% ethanol-water mixture. The final mixture was left to stir at room 

temperature in a fume hood. After 24 h of stirring, the solution was poured into a Teflon-

lined stainless steel autoclave (Parr Instrument Company, Illinois), sealed, and placed in a 
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165°C oven for 12 h under autogenous pressure. The precipitate formed under 

crystallization accumulated at the bottom of the autoclave in the form of a disk. The disk of 

particles was placed in a fume hood to dry. The particles were calcined at 600°C for 4 h in a 

muffle furnace to produce twinned alumina nanosheets (TAN). 

5.2.2.2 Precoat Filtration 
A typical filtration experiment was as follows: a clean 5.5 cm diameter filter paper was 

placed in a filtration cell. Initially, 500 g of distilled water was passed through the filter 

paper to determine its hydraulic permeability. Two hundred and fifty milligrams of 

alumina or diatomaceous earth particles were suspended in 2500 g of distilled water and 

deposited as a filter cake at an applied pressure of 6.89 kPa. Five hundred grams of distilled 

water was passed through the filter cake at 6.89 kPa to determine the hydraulic 

permeability of the cake. One hundred and twenty-five milligrams of bentonite was 

ultrasonicated using a Fisher Scientific Sonic Dismembranator 550 in 80 g of distilled water 

for 60 s at 50% power and added to 4020 g of distilled water. The turbidity of this mixture 

was measured three times using an HF Scientific Inc. Micro 100 Turbidimeter (Fort Myers, 

Florida); it was then filtered through the cake at 34.47 kPa. The mass of filtrate leaving the 

flow cell was continuously monitored by a balance using LabVIEW software (National 

Instruments, Québec). The permeate flow was redirected manually into a sample vial at 

250 g intervals to allow for the immediate measurement of the turbidity. A 30 mL vial was 

used to collect these samples. 

 
5.2.2.3 Particle Characterization 
SEM imaging was performed using a Phenom Pro Desktop SEM (Nanoscience Instruments, 

Virginia) at an accelerating voltage of 10 kV. 
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The particle size distribution of the bentonite particles was determined with dynamic light 

scattering using a Zetasizer ZS90 (Malvern Instruments, Worcestershire, UK). 

The particle size distributions of the DE and TAN particles were determined by dynamic 

particle size analysis. A typical procedure was as follows: a capillary flow cell was cleaned 

using isopropanol and deionized (DI) water. A 1-mL aliquot from a 0.01 M of DE or TAN 

stock solution was diluted to 100 mL with DI water. The solution was pumped through the 

flow cell at 0.1 mL/min using a peristaltic pump and analyzed using a DPA-4100 dynamic 

particle analyzer at high magnification (Brightwell Technologies Inc., Ottawa). 

The bulk density of the DE and TAN samples were determined by measuring the volume of 

known masses of these samples after settling in water. The porosities of the samples were 

determined using the water evaporation method [244,299]. 

The hydraulic permeabilities of the filter aids were measured during filtration by the 

application of Darcy’s law: 

𝜆 =
Δ𝑃

𝜇
(

1

𝐽𝑡𝑜𝑡𝑎𝑙
−  

1

𝐽0
) (5-1) 

where λ is the resistance of the precoat (m-1), ΔP is the pressure difference across the 

precoat and filter paper (Pa), μ is the viscosity of the fluid (Pa·s), J0 is the average flux 

across the filter paper (m/s), and Jtotal is the average flux across the precoat and filter 

paper, as determined in separate experiments [304]. 

The hydraulic permeability of the precoat is then 

𝜅 =
𝑥

𝜆
 (5-2) 



89 
 

where κ is the hydraulic permeability (m2), and x is the thickness of the precoat (m) [304]. 

The value of κ is converted to millidarcies with the following conversion factor: 1 mDa = 

9.869×10-16 m2. 

Given the bulk density of the particles, the thickness of the precoat was estimated by 

𝑥 =
𝑚

𝜌𝑏𝐴
 (5-3) 

where m is the mass of the sample (kg), ρb is the bulk density of the sample (kg/m³), and A 

is the area of the filter paper available for filtration (m²). The thickness of the precoat was 

also measured manually using a Mitutoyo digital caliper. 

A bentonite turbidity calibration curve was prepared in the range of 0 to 10 NTU. A plot of 

concentration versus turbidity was constructed to determine an equation relating the two 

quantities based on non-linear regression (R² = 0.999). 

 
5.2.2.4 Filtration Models 
Filtration occurs by four basic mechanisms: complete blocking, intermediate blocking, pore 

constriction, and cake filtration. Equations for these fouling mechanisms, as given by Peng 

and Tremblay [306], are shown below in Table 5-2. 
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Table 5-2: Primary Filtration Models 

Filtration Model  Equation* 

Complete blocking 

 

𝐽𝑣

𝐽0
= 𝑒𝑥𝑝(−𝐾𝑏𝑙𝑜𝑐𝑘𝑡) (5-4) 

Intermediate blocking 

 

𝐽𝑣

𝐽0
= (1 + 𝐾𝑖𝑛𝑡𝑒𝑟𝑡)−1 (5-5) 

Pore constriction 

 

𝐽𝑣

𝐽0
= (1 + 𝐾𝑐𝑜𝑛𝑠𝑡)−2 (5-6) 

Cake filtration 

 

𝐽𝑣

𝐽0
= (1 + 𝐾𝑐𝑎𝑘𝑒𝑡)−1/2 (5-7) 

*where Jv is the permeate flux, J0 is the initial permeate flux through the clean membrane, Kj is the proportionality constant in each model, 
and t is time.  

 

 

The following general filtration model, based on Equations (5-4) to (5-7), was created to fit 

the normalized flux data: 

𝐽𝑣

𝐽0
= (1 + 𝐾𝑡)𝑛 (5-8) 

Equation (5-4) can be represented as the first two terms of a truncated MacLaurin series 

where K < 0 and n = 1. This permits us to use Equation (5-8) to fit all of the fouling models. 

Normalized flux data was fitted to Equation (5-8) using Excel Solver by minimizing the sum 

of the squared residuals. The parameter n was restricted between -2 and 1 to correspond 

to the values in Table 5-2. The data was split into several regions, and a fouling model was 

found for each region. The residuals plots were analyzed to assure that the error stayed 

randomly distributed about the x-axis. The times at which the residuals ceased being 



91 
 

randomly distributed about the x-axis were designated as division points between different 

fouling regimes. 

 

5.3 Results 
5.3.1 Particle Characterization 
The particle size distribution of the bentonite sample prior to filtration is shown in Figure 

5-1. The data was fit with a log-normal distribution (µ = 425 nm, σ = 73 nm). The residual 

sum of squared errors was 0.0138% with the log-normal distribution versus 0.223% when 

fitted with a Gaussian distribution. As can be seen from the figure below, the bentonite clay 

was monodisperse with low variability in particle diameter. 

 

 
Figure 5-1: Particle Size Distribution of Bentonite Prior to Precoat Filtration Determined by 

Dynamic Light Scattering (data was fit with a log-normal distribution) 
 

The particle size distributions of the DE and TAN particles as measured by dynamic particle 

size analysis are shown below in Figure 5-2. The two DE samples are polydisperse, while 

for the TAN, three distinct normally-distributed particle sizes could be identified (µ1 = 3.7 
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μm, σ1 = 0.9 μm, a1 = 0.05; µ2 = 14.6 μm, σ2 = 0.6 μm, a2 = 0.05; µ3 = 25.7 μm, σ3 = 0.9 μm, a3 

= 0.8; a is a scaling factor. DE-512 is composed of very large irregularly-shaped particles 

with smaller broken fragments dispersed throughout and a few large particles of diameter 

33 µm as seen in Figure 5-3a and d. DE-577 is composed of fragments between 1 and 5 µm. 

It is also composed of a majority of disks having diameters of 6 and 10 µm, and a few larger 

disks having diameters 14, 15, 16, and 17 µm, as shown in Figure 5-3b and e.). The alumina 

sample is composed of aggregates of twinned nanosheets of various sizes, as shown in 

Figure 5-3c and f.   

 

 
(a) 

 
 (b) 

 
 (c) 

Figure 5-2: Particle Size Distributions of Diatomaceous Earth and Twinned Alumina 
Nanosheet Particles as Measured by Dynamic Particle Size Analysis 

(a) DE-512; (b) DE-577; (c) TAN 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

   

Figure 5-3: SEM Micrographs of Diatomaceous Earth and Twinned Alumina Nanosheet 
Particles Prior to Precoat Filtration 

(a,d) DE-512; (b,e) DE-577; (c,f) TAN 
(scale bars: 30 µm (a,b,c) and 10 µm (d,e,f)) 

 

The bulk density, porosity, and specific surface area of the DE and TAN particles settled in 

water are listed in Table 5-3. There is no significant difference in porosity between the two 

DE samples. The porosity determined in this work corresponds well with the porosity of a 

sample of diatomaceous earth from the literature: 64 + 6% [325]. The bulk density of the 

fine-grade DE measured in this work was 19% lower than that of the medium-grade DE. 

The TAN have a 66% lower density and are 1.5 times greater porosity than the DE 

particles. 

  



94 
 

 
Table 5-3: Density and Porosity of the Diatomaceous Earth and Twinned Alumina 
Nanosheet Particles Settled in Water 

Sample 
Bulk Density 

(kg/m³) 
Porosity (%) 

DE-512 259 59 

DE-577 211 60 

TAN 89 88 

 

5.3.2 Characteristics of the Precoats 
The thickness and hydraulic permeability of the DE and TAN precoats are listed in Table 5-4. 

These parameters were determined as discussed in Section 5.2.2. For equal masses of DE 

and TAN particles, the TAN precoat was 3.1 to 4.4 times thicker and 14 to 29 times more 

hydraulically permeable than the two DE precoats. 

 
Table 5-4: Thickness and Hydraulic Permeability of the Diatomaceous Earth and Twinned 
Alumina Nanosheet Precoats 

Sample 

Predicted 

Thickness of 

Precoat (μm) 

Measured 

Thickness of 

Precoat (μm) 

Hydraulic 

Permeability 

(mD) 

DE-512 408 277 25 

DE-577 500 400 52 

TAN 1179 1230 714 

TAN-HV 1177 1260 561 

 
 

5.3.3 Filtration Results 
The flux decline profiles for each filter aid as a function of permeate volume are shown 

below in Figure 5-4. The DE-512, DE-577, and TAN runs were repeated in triplicate for a 

total of 9 runs. An additional run was performed to determine the volume of bentonite 
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solution required to reduce the flux through the TAN precoat from the initial value to the 

lowest value attained by the DE precoats. This run was designated TAN-HV (high-volume). 

A total of 10 runs were conducted. 

All filter aid filtration runs began at fluxes in the range of 5900 – 11000 LMH. During the 

control run, no flux decline was observed, indicating that the bentonite particles passed 

through the substrate without any retention. The two DE filter aids followed similar flux 

decline profiles, ending at fluxes of 187 + 7 LMH and 176 + 8 LMH for DE-512 and DE-577, 

respectively. The flux through the TAN precoat at the end of the 3 L filtration run was 980 + 

28 LMH, which was 5.2 to 5.7 times higher than the final fluxes through the DE precoats.  

 

Figure 5-4: Semilog Plot of Flux Decline During Filtration of Bentonite Through 
Diatomaceous Earth and Twinned Alumina Nanosheet Precoats as a Function of Permeate 

Volume (error bars were determined based on 3 repeat experiments) 
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For the same mass of filter aid, it was found that the TAN precoat could treat twice the 

volume of bentonite solution before it reached the final flux of the DE precoats. 

The filtration mechanisms for each filter aid can be determined by fitting the flux versus 

time data to Equation (5-8) using non-linear regression, as discussed in Section 5.2.2.4. 

Specifically, the value of the parameter n is indicative of the filtration model, as 

summarized in Table 5-2. These values, along with the sum of the squared residuals (SSR) 

and the volume at which this filtration model ceases to fit the data, are summarized in 

Table 5-5 to Table 5-8 below. 

The results indicate that bentonite particle penetrated the open DE pores, then began to 

bridge across the blocked pores, and eventually form a cake. The transition to cake 

filtration was completed during the 3 L filtration run for the DE filter aids.  

From the n values in Table 5-7 and Table 5-8, it can be seen that the bentonite particles are 

initially rejected from the TAN filter aids (intermediate blocking). After 3.6 + 1.3 min, 

bentonite particles penetrate into the body of the deposited filter aid and become trapped 

inside (pore constriction). After a total of 14.8 + 1.6 min, the fouling regime transitions 

back to intermediate blocking, showing that the TAN filter aid sufficiently rejects the 

bentonite particles. The TAN-HV (Table 5-8) follows the same trends as the TAN filtration 

run. After a total of 70.8 min, cake filtration becomes the dominating filtration mechanism. 
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Figure 5-5: Log-Log Plot of Flux Versus Time For Filtration of Bentonite Through 
Diatomaceous Earth and Twinned Alumina Nanosheet Filter Aids (error bars were 

determined based on 3 repeat experiments). Transitions between fouling regimes are 
indicated on figure for each filter aid. Individual runs are numbered 1, 2, 3. Acronyms for 

fouling regimes: CF (cake filtration), IB (intermediate blocking), PC (pore constriction) 
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Table 5-5: Filtration Mechanisms for DE-512 Filter Aids. The value of the parameter n is 

indicative of the filtration model, as summarized in Table 5-2. 

 Repeat 1 Repeat 2 Repeat 3 Average 

Region n K SSR 
Time 

(min) 
n K SSR 

Time 

(min) 
n K SSR 

Time 

(min) 
n K 

1 -2.0000 0.0020 0.3253 10.0 -2.0000 0.0022 0.2118 7.6 -1.6750 0.0023 0.1527 11.6 
-1.8915 + 

0.1879 

0.0022 + 

0.0002 

2 -1.0320 0.0064 0.0014 22.2 -1.0040 0.0070 0.0269 38.4 -0.9778 0.0061 0.0091 18.2 
-1.0047 + 

0.0270 

0.0065 + 

0.0005 

3 -0.5851 0.0438 0.0075 - -0.4911 0.1372 0.0148 - -0.5550 0.0486 0.0511 - 
-0.5438 + 

0.0480 

0.0765 + 

0.0526 

 

Table 5-6: Filtration Mechanisms for DE-577 Filter Aids. The value of the parameter n is 

indicative of the filtration model, as summarized in Table 5-2. 

 Repeat 1 Repeat 2 Repeat 3 Average 

Region n K SSR 
Time 

(min) 
n K SSR 

Time 

(min) 
n K SSR 

Time 

(min) 
n K 

1 -2.0000 0.0045 0.0156 5.8 -1.8907 0.0057 0.2228 3.2 -1.8777 0.0051 0.1191 4.2 
-1.9215 + 

0.0681 

0.0051 + 

0.0006 

2 -0.6460 0.0064 0.0011 35.0 -0.7429 0.0309 0.0682 18.2 -0.7438 0.0277 0.0004 16.2 
-0.7109 + 

0.05617 

0.0217 + 

0.0013 

3 -0.5705 0.0886 0.0021 - -0.5275 0.1366 0.0198 - -0.5592 0.0913 0.0020 - 
-0.5524 + 

0.0223 

0.1055 + 

0.0270 

 
 
Table 5-7: Filtration Mechanisms for TAN Filter Aids. The value of the parameter n is 

indicative of the filtration model, as summarized in Table 5-2. 

 Repeat 1 Repeat 2 Repeat 3 Average 

Region n K SSR 
Time 

(min) 
n K SSR 

Time 

(min) 
n K SSR 

Time 

(min) 
n K 

1 -0.9667 0.0026 0.0125 3.8 -1.0670 0.0032 0.0031 2.2 -1.1549 0.0038 0.0015 4.8 
-1.0629 + 

0.0941 

0.0062 + 

0.0006 

2 -2.0000 0.0012 0.0170 13.0 -2.0000 0.0016 0.0038 16.0 -2.0000 0.0019 0.0045 15.4 
-2.0000 + 

0.0000 

0.0016 + 

0.0003 

3 -1.0060 0.0039 0.0021 - -1.0226 0.0047 0.0071 - -0.9679 0.0069 0.0097 - 
-0.9987 + 

0.0280 

0.0051 + 

0.0015 
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Table 5-8: Filtration Mechanisms for TAN-HV Filter Aid. The value of the parameter n is 
indicative of the filtration model, as summarized in Table 5-2. 

Region n K SSR Time (min) 

1 -1.1250 0.0040 0.0121 7.6 

2 -2.0000 0.0118 0.0118 20.2 

3 -0.6795 0.0186 0.0014 70.8 

4 -0.5867 0.0499 0.0039 - 

 
 

From an SEM image of the side view of the fouled DE filter aids in Figure 5-6a and b, cake 

build-up on the top surface of the precoat can be seen.  In Figure 5-6c, no evidence of cake 

build-up on the top surface of the TAN precoat was observed. Therefore, the transition to 

cake filtration was not complete during the 3 L filtration run. However, for the 6 L TAN-HV 

run, evidence of cake layer formation on the surface of the precoat was observed, as seen in 

Figure 5-6d. 
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(a) 

 

(b) 

 

(c) 

 

(d) 
   

Figure 5-6: SEM Micrographs of Side-View of Precoat Filters After Filtration Run 
(a) DE-512; (b) DE-577; (c) TAN (no bentonite cake layer was observed); (d) TAN-HV 

(Scale Bar: 30 µm; direction of flow is perpendicular to bentonite cake layer; dashed white 
arrows indicates bentonite cake layer; solid, bold lined, arrows in (a) and (b) indicate 

particle compaction in the DE precoat layer) 
 

Permeate turbidity as a function of flux and permeate volume through the precoats is 

shown in Figure 5-7 and Figure 5-8. The target level was set to the drinking water 

recommendations in Canada and internationally (<0.10 NTU) [309,329]. A combination of a 

high flux and low bentonite breakthrough was the desired outcome. For the TAN precoat, 

the target level was reached within the first 610 + 130 mL of permeate volume at a flux of 

7246 + 649 LMH, as compared to 2380 + 480 mL at 258 + 84 LMH for the DE-512 precoat 

and 1180 + 410 mL at 808 + 387 LMH for the DE-577 precoat and as shown in Figure 5-7 

and Figure 5-8. In addition to this, when the TAN-HV reached cake filtration, it had a 

Direction of flow 
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turbidity of 0.05 NTU versus 0.16 + 0.03 NTU and 0.11 + 0.04 NTU for DE-512 and DE-577, 

respectively. This indicates that the DE precoat had defects that permitted the passage of a 

considerable amount of bentonite particles via preferential channeling. Conversely, the 

TAN precoat deposited in a more uniform way, eliminating preferential channeling through 

the cake layer and the body of the precoat. 

 

Figure 5-7: Semilog Plot of Permeate Turbidity Versus Flux For Filtration of Bentonite 
Through Diatomaceous Earth and Twinned Alumina Nanosheet Filter Aids (error bars were 

determined based on 3 repeat experiments) 
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Figure 5-8: Log-Log Plot of Permeate Turbidity Versus Permeate Volume For Filtration of 
Bentonite Through Diatomaceous Earth and Twinned Alumina Nanosheet Filter Aids (error 

bars were determined based on 3 repeat experiments) 
 

 

5.4 Discussion 
Three particles (DE-512, DE-577, and TAN) were tested in this work to determine their 

filtration performance and flow properties during filtration with a bentonite solution. The 

DE-512 and 577 particles were polydisperse with average diameters of 5.0 and 7.6 µm, as 

shown in Figure 5-2a and b. The size distribution of the TAN particles could be modeled using 

three distinct Gaussian distributions, with the majority of particles having an average 

diameter of 25.7 µm as shown in Figure 5-2c.  Based on the flux decline curves in Figure 5-4, 

the superior performance of the TAN precoat suggests that particles having a tri-modal 

particle size distribution with a majority of larger particles exhibit enhanced flow properties 

versus polydisperse particles with a smaller average particle diameter.  
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The predicted and measured thicknesses of the TAN precoat coincide well, indicating no 

significant compaction of the filter cake during deposition. The measured precoat 

thicknesses of the DE filter cakes were 36 to 39% lower than the predicted values, 

indicating that the filter cakes compacted during deposition. From this result, it is expected 

that the true porosities of the DE filter cakes are lower than those given for the settled 

particles in Table 5-3. Similarly, the hydraulic permeabilities of the DE samples, calculated 

using the bulk density measured from the settled particles, do not coincide with the actual 

hydraulic permeabilities of the filter cakes. In actuality, due to compaction, the hydraulic 

permeabilities of the DE filter cakes are expected to be lower than those given in Table 5-4. 

TANs retain their porosity and hydraulic permeability when subjected to flow. The TAN 

precoat had a similar measured and calculated precoat thickness, indicating that the 

particles stack similarly when they are settled under gravity or when they are settled under 

flow (Figure 5-9a). This explains why the TAN particles do not compact when subject to flow. 

Conversely, the DE particles stack differently when settled under gravity than when settled 

under flow, as shown in Figure 5-9b and c. The reduction in thickness of the DE precoats 

demonstrate the significant compaction of the DE particles during filtration. This is partly 

due to the weak particle interactions between the disk-like DE particles. This causes them to 

slip relative to each other, and form a denser, anisotropic filter cake. 
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Figure 5-9: Stacking of (a) TAN Particles Settled Under Gravity or Precoat Formed Under 
Flow; (b) DE Particles Settled Under Gravity; (c) Precoat from DE Particles Formed Under 

Flow 
 

Evidence of compaction can be seen in the SEM images of the side views of the fouled DE 

filter cakes in Figure 5-6a and b. Unlike the settled DE in Figure 5-3a and b, interparticle 

distance in the fouled DE precoat was reduced, indicating significant precoat layer 

compaction. In comparison, the TAN precoat layer did not exhibit significant compaction. 

The fouled TAN precoat in Figure 5-6c maintained the structural integrity of the settled TAN 

in Figure 5-3c. The ability of the TAN precoat to retain its porosity under flow demonstrates 

the importance of the twinned aggregate structure of the particles. 

As shown in Figure 5-9a, the TAN particles are porous aggregates that are permeable to flow 

in all directions (isotropic permeability). This accounts for the higher hydraulic permeability 

of the TAN precoat. The DE particles are porous circular disks that are only permeable in one 

direction (anisotropic permeability) once deposited as a precoat (Figure 5-9c). Hydraulic 

permeability of the DE precoats is limited when compared to the TAN precoat. It was found 

that the permeability of the DE precoats were 13 to 29 times lower than that of the TAN 

precoat as shown in Table 5-4. 
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The inability of the DE precoats to retain their porosity also accounts for the higher flux 

decline during the filtration run in comparison to the TAN precoat. Low adhesion forces 

between the particles made them slip to more stable positions (Figure 5-9c) and produced 

a less permeable precoat layer [332,333]. Furthermore, a collapse of the porous structure 

of the DE precoats reduced the ability of the bentonite to pass through the precoat layer. 

Instead, the bentonite was retained on the top surface of the precoat as a cake layer. The 

transition towards cake filtration occurred within the first 23.1 + 10.3 minutes and 26.3 + 

10.7 of filtration for DE-512 and DE-577, compared to 70.8 minutes for TAN, as shown in 

Table 5-5, Table 5-6, and Table 5-8. 

In addition, the surface charges of the particles played a role in the filterability of the 

bentonite solution. The surface charges of the three materials, silica (DE), bentonite, and 

alumina (TAN), are plotted as a function of pH in Figure 5-10. The pH of the filtration 

solution was 6. At this pH, particles of bentonite and silica exhibit a repulsive force, further 

preventing penetration of the bentonite solution into the DE precoat. Therefore, a cake 

layer was formed. With a strong positive surface charge (0.08 C/m²), the alumina particles 

can attract the negative bentonite particles (-0.11 C/m²) into the TAN precoat layer.  
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Figure 5-10: Surface Charge Densities of Bentonite [334], Alumina [335], and Silica [335] as 

a Function of pH 
 

The final flux through the two DE precoats tended towards 180 LMH, indicating that the 

cake layer on top of the precoats became the determining factor in the flux values. For the 

TAN precoat, the cake layer did not dominate the filtration run until two times more 

bentonite solution had been passed through the precoat layer. 

The hydraulic permeabilities of the TAN precoats produced in this work were compared, as 

a function of pore diameter, to common DE filter aids used in industry [336]. The pore 

diameter of the TAN aggregates was determined to be 0.2 μm [337]. As shown in Figure 

5-11, there is a power-law relationship between DE particle pore diameter and the 

hydraulic permeability of the cake layer. Extrapolation of this relationship to an average 

pore diameter of 0.2 μm indicates that a precoat produced of TAN aggregates would be 275 

to 350 times more hydraulically permeable than one produced of DE particles. This 
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illustrates the advantages of the thin nanosheet structure, isotropic permeability of the 

TAN aggregates, and the enhanced flow properties of the TAN particles, in direct contrast 

to the anisotropic permeability of DE particles.  

  

Figure 5-11: Pure Water Hydraulic Permeabilities of TAN, Celite (DE), and Harborlite 
(Perlite) 

Data for Celite and Harborlite are from Hendricks, 2011. 
 
 

 

5.5 Conclusions 
Twinned alumina nanosheets (TAN) were manufactured by first synthesizing boehmite 

nanosheets in a 50 vol% ethanol-water solution, followed by calcination. 

Using dynamic image analysis, it was determined that the two DE samples were 

polydisperse, while for the TAN, three distinct normally-distributed particle sizes could be 

identified. 
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The operating flux of the TAN precoat was the highest during the 3 L filtration run. The 

final flux through the TAN precoat was 980 + 28 LMH, which was 5.2 to 5.7 times higher 

than the fluxes through the DE-512 and DE-577 precoats. It was found that the TAN 

precoat could treat twice the volume of bentonite solution before it reached the final flux of 

the DE precoats. The TAN precoat reached the required turbidity level of <0.10 NTU at a 

flux that was 28 times and 9 times higher than the fluxes obtained by the DE-512 and DE-

577 precoats, respectively. 

Filtration through the TAN precoat was dominated by intermediate blocking and pore 

constriction, whereas pore constriction, intermediate blocking and cake filtration were the 

main modes of filtration for the DE precoats. Based on a power-law relationship, at a pore 

diameter of 200 nm, precoats produced of TAN aggregates would be 275 to 350 times more 

hydraulically permeable than one produced of DE particles. 

The target turbidity level of <0.10 NTU is difficult to reach using the conventional DE 

precoat.  

The alumina filter aid reaches the target turbidity level of <0.10 NTU at high flux values. 

The enhanced flow properties of twinned alumina nanosheets bridges the gap between 

membrane ultrafiltration and conventional DE precoat filtration. 

  



109 
 

6 Lipase Immobilization on Twinned Alumina 

Nanosheets 
K. Roebuck, X. X. Shi, and A.Y. Tremblay 

 

Nanostructured supports offer high porosity and surface area for enzyme immobilization. As 

highly open and porous supports, they offer increased accessibility to substrates. In this work, 

two lipases (crude porcine pancreatic lipase and lipase from Candida rugosa) were 

immobilized on highly open and porous twinned alumina nanosheets. The nanosheets were 

synthesized in various ethanol-water mixtures, calcined, and functionalized by epoxysilanes 

having a hydrophobic spacer arm. It was determined that nanosheets produced in 50 vol% 

ethanol-water followed by a 24 h epoxysilane treatment process produced particles with the 

highest lipase immobilization and retention (16.7 + 0.2 mg/g Al-50-24-cPPL and 39.7 + 0.9 

mg/g Al-50-24-CRL). Extended silylation of the supports beyond 24 h did not significantly 

increase enzyme immobilization. 

For the most densely-packed supports, the specific activity of immobilized cPPL was 5.5 times 

higher than that of the free enzyme in solution. This was due to the ability of the lipase to 

preferentially bond to the hydrophobic functionalized alumina surface. The specific activity of 

immobilized CRL on these supports was 66% when compared to the free enzyme in solution. 

The loss of activity after immobilization was attributed to multipoint covalent attachment 

and attachment to the active site of the enzyme. 

 

6.1 Introduction 
In biocatalytic processes, enzymes facilitate reactions between organic compounds. Unlike 

traditional chemical catalysts, enzymes operate with high substrate specificity and 



110 
 

selectivity at moderate operating conditions [338]. For example, there are growing 

interests in the use of lipase in transesterification reactions and the production of biodiesel 

as opposed to methoxide catalysts. However, large-scale production of biocatalysts is cost-

prohibitive when compared to traditional methods due to the high costs associated with 

the synthesis and purification of enzymes [339,340]. Furthermore, biodegradation and 

limited reusability are continuing problems in the widespread application of biocatalysts. 

A common solution is immobilization of the enzyme on or in an inert material, using 

strategies like adsorption, entrapment, or covalent bonding. Immobilized enzymes are 

more stable over a broader range of operating conditions than their free counterparts in 

solution [341,342]. Adsorption relies on weak, non-covalent bonds between the enzyme 

and inert surface. The process is inherently reversible, and consequently, enzymes 

frequently detach into the solvent medium [341,343,344]. Entrapment involves the 

formation of a permeable matrix around the protein structure of the enzyme, protecting it 

from denaturation. However, this strategy can lead to diffusional limitations and kinetic 

changes between the enzyme and substrate [341,345]. 

Immobilization via covalent bonding forms permanent, stable linkages between the 

enzyme molecules and the inert surface. This technique circumvents the main drawbacks 

of the aforementioned techniques. However, the inert material must be functionalized prior 

to enzyme attachment. Surface functionalization using silane coupling agents (SCAs) is one 

such method. Using alkoxysilanes, RSiX3 (where R is a non-hydrolyzable organofunctional 

group and X is an alkoxy moiety), a durable siloxane network with outward-facing R groups 

can be formed on an inorganic surface by attachment to hydroxyl groups through 
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hydrolysis, condensation, and polymerization reactions [346,347]. Careful selection of the 

R group will impart desirable properties to the functionalized material. 

Epoxysilanes are particularly useful in enzyme immobilization. The epoxy groups are 

highly reactive towards the amine, thiol, and hydroxyl groups on enzyme molecules, and 

form stable covalent linkages to these functional groups [348]. However, preservation of 

the epoxy group during silane deposition can be difficult. Premature cleavage of the epoxy 

ring results in the formation of less reactive functional groups on the outer surface of the 

interconnected siloxane network. 

It is well-established that acid or base catalysts are used to catalyze epoxy ring opening 

[349]. The use of certain reagents can also lead to epoxy ring opening. Derouet et al. 

studied the effects of alcohol concentration and temperature on ring opening of epoxidized 

1,4-polyisoprene using cerium aluminum nitrate as a catalyst. It was determined that a 

combination of high alcohol concentration, moderate temperature (>50°C), and the 

presence of a catalyst was necessary for substantial ring opening [350]. Surface 

modification of inorganic substrates with epoxysilanes in the presence of high temperature 

also results in premature cleavage of the epoxy ring. Chehimi et al. treated hydrated α-

alumina with aqueous γ-glycidoxypropyltrimethoxysilane (GPS) and dried the samples at 

temperatures ranging from 25°C to 120°C. Above 80°C, degradation of the epoxy ring and 

the formation of alcohol moieties was observed [351]. Similarly, Prapainainar et al. treated 

protonated sodium mordenite with GPS in dichloromethane at room temperature, followed 

by drying at 100°C for 24 h. Based on their FTIR analysis, the epoxy group was not present 

on the clay surface after silane treatment [352]. This is due to their extensive oven drying 

process, which was used to facilitate curing of the siloxane network to form Si-O-Si bonds 
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[353]. Overall, the avoidance of reaction conditions that lead to premature epoxy ring 

opening is paramount when working with epoxysilanes. 

Immobilized enzymes are of great interest due to their reusability and increased stability. 

Immobilization also allows for enzyme recovery by filtration. Meng et al. reported on the 

long-term stability of fatty acid ethyl ester production by immobilized lipase from Yarrowia 

lipolytica. Twenty-five batches of product were generated, with intermittent enzyme 

filtration and washing, before a rapid decline in esterification degree was noted [354]. A 

heterogeneous enzyme-support system can also be used in packed bed reactors (PBRs). In 

a study on the continuous production of ketoprofen catalyzed by immobilized lipase from 

Candida rugosa in a PBR, Xi and Xu reported on the high enantiomeric selectivity (>99%) 

for the desired (S) enantiomer achieved over the 60 h experimental run [355]. Kittikun et 

al. studied the continuous production of monoacylglycerols (MAGs) from palm olein 

catalyzed by immobilized lipase from Pseudomonas sp. They were able to achieve a yield of 

18.6 g MAG/day under optimized conditions [356]. 

The choice of immobilization support is very important. The use of hydrophilic supports 

can lead to a decrease in lipase activity relative to the free enzyme, while immobilization on 

hydrophobic supports often leads to an increase in lipase activity. Paula et al. immobilized 

PPL on a glutaraldehyde-activated polysiloxane-polyvinyl alcohol (POS-PVA) matrix, a 

hydrophilic-hydrophilic activator-support combination. This resulted in a 77% reduction in 

enzyme activity after immobilization [357]. Similarly, Bagi and Simon reported 88% and 

98% reductions in lipolytic activities after PPL immobilization onto hydrophilic supports 

Akrilex C-100 and Silochrome, respectively [358]. In a study exploring the effects of carrier 

hydrophobicity on lipolytic activity, Kéry et al. concluded that the most hydrophobic 
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support produced immobilized lipase with the highest relative activity [359]. Bai et al. 

reported an 18% increase in lipolytic activity relative to the free enzyme after modification 

of silica nanoparticles using hydrophobic vinyltriethoxysilane (VTES) [360]. Similarly, Lee 

et al. reported a 55% increase in lipolytic activity after modification of magnetite 

nanoparticles using sodium dodecyl sulfate (SDS) due to the hydrophobic nature of the 

modified particles [361]. 

In this work, twinned alumina nanosheets that aggregate to form a densely-packed, highly 

porous network with great internal accessibility were surface functionalized with an 

epoxysilane molecule to facilitate the attachment of lipase to the alumina particles. To our 

knowledge, this is the first time that an enzyme is immobilized on alumina nanosheets. The 

silylation was performed in 1-propanol at a moderate temperature in the absence of 

chemical catalyst to prevent premature epoxy ring opening. The effects of ethanol 

concentration during the alumina synthesis, as well as silylation time were tested to 

determine their effects on lipase immobilization and activity. Two lipases were compared 

in this study: crude porcine pancreatic lipase (cPPL) and lipase from Candida rugosa (CRL). 

 

6.2 Experimental 
6.2.1 Materials 
Cetyl trimethylammonium bromide (CTAB), sodium hydroxide pellets, and anhydrous 

ethanol, were purchased from Sigma-Aldrich (Canada). Aluminum chloride hexahydrate 

(99%, nitrogen flushed), extra pure olive oil (74.5% oleic acid based on the certificate of 

analysis), ethyl oleate (>98% pure, mixture of homologeous fatty acid esters, 86% from 

oleic acid based on the certificate of analysis), and gum arabic powder were purchased 

from Acros Organics. Phosphate buffer solution (potassium phosphate monobasic, sodium 
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hydroxide, 0.05 M, pH 7.00 at 25°C), 1-propanol, Coomassie Brilliant Blue G-250 assay 

reagent, bovine serum albumin (BSA) standards, and cellulose filter paper (Whatman #1), 

were purchased from Fisher Scientific (Canada). 2-(3,4-

Epoxycyclohexyl)ethyltriethoxysilane) (ETES, Figure 6-1) was purchased from Gelest, Inc. 

(Pennsylvania). cPPL was purchased from MP Biomedicals (California), and CRL was 

purchased from Sigma-Aldrich (Canada). All materials were used as purchased. 

 

Figure 6-1: Silane coupling agent (ETES) used in this work 

 

6.2.2 Methods 
6.2.2.1 Preparation of Immobilization Supports 
Boehmite nanosheets were synthesized by metal salt hydrolysis in various ethanol-water 

solutions as detailed in previous works [331,362]. The boehmite nanosheets were calcined 

for 4 h at 600°C to produce twinned alumina nanosheets. Three ethanol contents (0, 25, 

and 50 vol%) were selected to provide a broad range of nanosheet aggregate porosity as 

detailed in our previous work [362]. 

A 20:80 v/v% solution of ETES in 1-propanol was formed by the addition of 8 mL of ETES 

to 32 mL of 1-propanol. 400 mg of twinned alumina nanosheets were added to the solution 

and stirred briefly to suspend the particles. The nanosheets were silylated in a 60°C water 

bath for 4, 24, or 96 h to test the effects of different silylation times on the total uptake of 

lipase during enzyme immobilization. After silylation, the nanosheets were filtered through 
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a Büchner funnel with Whatman filter paper and washed several times with 1-propanol to 

remove any unbound ETES molecules. 

 
6.2.2.2 Enzyme Immobilization 
Immobilization of cPPL and CRL was performed as follows: 500 mg of lipase was dissolved 

in 10.00 mL of buffer and homogenized for 1 min using a PowerGen 125 homogenizer at 

setting #6 (Fisher Scientific, Canada). The solution was filtered through a Büchner funnel 

with Whatman filter paper. 200 mg of silylated nanosheets were added to the lipase 

solution. The resulting solution was incubated in an INFORS HT Multitron Pro incubator at 

4°C at 150 rpm for 24 h. 100 µL samples were taken in triplicate for protein assay at 0, 1, 2, 

4 and 24 h during the lipase immobilization. After immobilization, the resulting particles 

were filtered through a Whatman #1 filter paper, washed several times with phosphate 

buffer solution (PBS), and dried. The above procedure was conducted for nanosheets that 

were not treated with ETES. 

Figure 6-2 details the naming convention used in this work for the particles to differentiate 

between different samples based on distinct preparation methods. 

 

 

Figure 6-2: Naming convention used for modified twinned alumina nanosheet samples 
synthesized in this work 

Al-50-4-CRL 

alumina 

vol% ethanol/water 
(0, 25, 50) 

silylation time 

(0, 4, 24, 48, 96) 

lipase type 
(cPPL, CRL) 
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6.2.2.3 Characterization of Immobilization Supports 
As-synthesized twinned alumina nanosheets were characterized via ATR-FTIR analysis 

(Cary 630 FTIR Spectrometer, Agilent Technologies, Canada) before and after silylation in 

the infrared region from 4000 to 650 cm-1. This technique was used to verify the binding of 

ETES to the surface of the twinned alumina nanosheets. 

The twinned alumina nanosheets were also characterized by SEM before and after enzyme 

immobilization to verify that the integrity of the internal porous network formed by the 

nanosheets remained intact after the silylation and immobilization procedures. SEM 

imaging was performed using a Phenom Pro Desktop SEM (Nanoscience Instruments, 

Virginia) at accelerating voltages of 5 and 10 kV. 

 
6.2.2.4 Protein Assay 
Protein concentration in enzyme solutions prior and after attachment was determined 

using the Bradford method [363] with Coomassie Brilliant Blue G-250 as the dye reagent. 

Measurements were performed in triplicate using UV-Vis spectroscopy (HACH DR 6000, 

Canada) at an absorbance of λ = 595 nm. A calibration curve for protein concentration was 

constructed using BSA as a standard. 

 
6.2.2.5 Determination of Enzyme Activity 
Enzyme activity was quantified using a modified IOC standard method [364–366]. An olive 

oil emulsion was prepared by homogenizing olive oil and a 7 wt/wt% gum arabic/PBS 

solution to form a solution of 25:75 vol/vol% olive oil:emulsifier. 

Free lipase activity was tested using a lipase solution of known protein concentration. The 

solution was formed using a 5:2:1 mixture of olive oil emulsion:PBS:lipase by volume, and 

incubated at 37°C in an orbital shaker at 120 rpm for 30 minutes. The reaction was stopped 
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with a 50:50 vol/vol% mixture of acetone/ethanol. The resulting solution was titrated to 

the phenolphthalein endpoint with 0.05 M NaOH. 

Immobilized lipase activity was tested using the particles synthesized in Section 6.2.2.1. 50 

mg of these particles were added to a 5:2 volume ratio reaction mixture of olive oil 

emulsion:PBS solution. The mixture was incubated at 37°C under stirring at 120 rpm for 30 

minutes. The reaction was stopped with a 50:50 vol/vol% mixture of acetone/ethanol. The 

resulting solution was titrated to the phenolphthalein endpoint with 0.05 M NaOH. 

One unit of lipase activity was defined as the amount of enzyme which liberated 1 µmol of 

fatty acids per minute. 

6.2.2.6 Statistical Analyses 
Standard statistical procedures were used, including mean averaging and standard 

deviation for triplicate results. A Student’s t-test was used to test for significance. A p-value 

< 0.05 was considered statistically significant. The mean and variance of continuous data 

was estimated from its median, range, and sample size, as detailed by Hozo et al. [367]. 

 

6.3 Results 
6.3.1 Characterization of Immobilization Supports 
The FTIR spectra in Figure 6-3 show the effects of ethanol concentration and silylation time 

on the amount of SCA deposited on nanosheet surface. In the absence of SCA, the samples 

exhibit a characteristic broad Al-O peak from 350-1000 cm-1 [157,368]. The strong double 

peaks between 1000-1200 cm-1 are indicative of the presence of Si-O-Si and Al-O-Si bonds 

formed during the deposition of the SCA [369]. The two peaks appear close together due to 

the similar atomic masses of Al and Si. The lower peak of the pair can be assigned to Si-O-Si, 

as Si atoms cause higher wavenumber shifts in FTIR spectra than Al atoms [370]. Epoxy 

groups show characteristic peaks in the region 736-864 and 863-950 cm-1 [371]. 
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Specifically, Mayhan et al. assigned FTIR bands at 730, 835, and 880 cm-1 to the epoxy 

groups of 2-(3,4-epoxycyclohexyl)methyltriethoxysilane, a SCA that differs only in its 

leaving groups from the one used in this work [372]. The leaving groups are not present in 

the siloxane network that is formed when the SCA bonds to the inert surface. Therefore, the 

FTIR epoxy peaks assigned by Mayhan et al. can also be assigned to ETES. 

 

(a) 

 

(b) 

 

(c) 

Figure 6-3: FTIR spectra (650-1500 cm-1) of alumina nanosheets (a) Al-0; (b) Al-25; (c) 
Al-50. Silylation time is indicated on the ordinate axis. Important peaks are labelled on 

(c) and described in the text. 

 

The SEM images in Figure 6-4 show the effects of silylation and enzyme immobilization on 

the morphology of the macroporous structure of the Al-50 twinned alumina nanosheets. As 

seen in Figure 6-4a, the nanosheets form a densely-packed but highly porous network. In 
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Figure 6-4b, it can be seen that this densely-packed but highly porous network is 

maintained after silylation and enzyme attachment. 

 

  
 

(a) 
 

(b) 
 

Figure 6-4: SEM images of Al-50 nanosheets before and after silylation and enzyme 

immobilization with CRL (a) Al-50 nanosheets; (b) Al-50-24-CRL nanosheets 

Scale bar: 10 μm. 

 

6.3.2 Lipase Immobilization 
Table 6-1 shows the effects of ethanol concentration and silylation time on cPPL 

immobilization. Silylation time and ethanol concentration both increased total lipase 

uptake during cPPL immobilization. The relative increases in immobilization were greatest 

at low silylation times. An increase in ethanol concentration from 0 to 50 vol% in the 

synthesis mixture with no silylation led to a 179% increase in lipase immobilization, while 

the same increase in ethanol concentration with 24 h of silylation led to a 14% increase in 

lipase immobilization. The greatest immobilization was observed in 50 vol% ethanol at 0, 

4, and 24 h of silylation time. To test the effects of longer silylation times on enzyme 

immobilization, lipase was immobilized on twinned alumina nanosheets synthesized in 50 
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vol% ethanol after a 96 h silylation treatment. However, no significant increase in 

immobilization was observed between the Al-50-24-cPPL and Al-50-96-cPPL (two-sided t-

test, p-value > 0.50).  The maximum uptake was 16.9 + 0.5 mg/g Al-50-96-cPPL. 

 

Table 6-1: cPPL immobilization on twinned alumina nanosheets as a function of silylation 

time and ethanol concentration, quantified in milligrams of lipase immobilized per gram of 

support 

Silylation Time (h) 
Ethanol Concentration in 
Synthesis Mixture (vol%) 

Immobilized Lipase 
(mg/g support)* 

0 

0 2.4 + 0.7 

25 5.4 + 0.6 

50 6.7 + 0.5 

4 

0 10.1 + 1.2 

25 11.0 + 1.8 

50 14.5 + 0.2 

24 

0 14.7 + 0.8 

25 13.8 + 2.0 

50 16.7 + 0.2 

96 50 16.9 + 0.5 

*Results are from measurements done in triplicate, as described in Methods. 

 

After incubating for 24 h, each sample was filtered and washed with buffer solution. The 

wash solution was tested for protein concentration to determine the quantity of lipase that 

remained attached to the supports. The effect of silylation on enzyme attachment is shown 

in Figure 6-5. It was determined that silylation (4 h or 24 h) was necessary to securely 
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bond the cPPL to the twinned alumina nanosheets (Figure 6-5). Without silylation, 36 to 

80% of the cPPL was washed away with the buffer solution. 

 

Figure 6-5: cPPL immobilization efficiency on twinned alumina nanosheets as a function of 

washing. Immobilization efficiency = amount of cPPL loaded / amount of cPPL initially 

introduced. Error bars are from measurements conducted in triplicate, as described in 

Methods. 

 

From the studies on cPPL immobilization, it was determined that a 24 h silylation process 

produced particles with optimal lipase immobilization and retention after washing. Thus, 

for subsequent CRL immobilization studies, only the Al-(0,25,50)-24-CRL samples were 

tested.  

From Table 6-2, it is evident that CRL binds more effectively to the twinned alumina 

nanosheets than cPPL under equivalent experimental conditions. The highest 

immobilization uptake of CRL found in this work was 39.7 + 0.9 mg/g Al-50-24-CRL, 
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compared to the highest immobilization uptake for cPPL of 16.7 mg/g Al-50-24-cPPL. 

Washing of the silylated CRL samples resulted in a loss of 0.3 to 10.7% of the total 

immobilized CRL to the wash solution (Figure 6-6). 

 
Table 6-2: CRL immobilization on twinned alumina nanosheets as a function of ethanol 

concentration, quantified in milligrams of lipase immobilized per gram of support 

Silylation Time (h) 
Ethanol Concentration in 

Synthesis Mixture (%) 
Immobilized Lipase 

(mg/g support)* 

24 

0 35.6 + 2.2 

25 37.8 + 0.7 

50 39.7 + 0.9 

*Results are from measurements done in triplicate, as described in Methods. 

 

Figure 6-6: Effect of washing on immobilization efficiency during the immobilization of CRL 
on twinned alumina nanosheets. Immobilization efficiency = amount of CRL loaded / 
amount of CRL initially introduced. Results are from measurements done in triplicate, as 
described in Methods. 
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6.3.3 Activity of Free and Immobilized Lipase 
The specific activity of free and immobilized lipase was quantified by olive oil titration. 

Free cPPL had a specific activity of 16.4 U/mg cPPL. Table 6-3 shows the effects of ethanol 

concentration and silylation time on immobilized cPPL activity. Immobilization of cPPL 

increased specific activity relative to the free enzyme in solution. In addition, silylation time 

and ethanol concentration both caused an increase in specific lipase activity. The maximum 

specific activity was 93.2 U/mg (sample Al-50-96-cPPL), 5.5 times higher than the specific 

activity of free cPPL in solution. 

 

Table 6-3: Specific activity of immobilized cPPL on twinned alumina nanosheets as a 

function of silylation time and ethanol concentration, quantified in units per milligram of 

protein. 

Silylation Time (h) 
Ethanol Concentration in 
Synthesis Mixture (vol%) 

Specific Activity (U/mg) 

0 

0 20.1 

25 27.3 

50 31.4 

4 

0 30.4 

25 48.7 

50 81.1 

24 

0 31.4 

25 81.4 

50 90.7 

96 50 93.2 
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A similar study was carried out on free and immobilized CRL (Table 6-4). Free CRL had a 

specific activity of 138.7 U/mg CRL, 8.4 times higher than free cPPL. Immobilization of CRL 

reduced specific activity relative to the free enzyme in solution by up to 47%. However, an 

increase in ethanol content increased enzyme activity for immobilized CRL. The maximum 

specific activity for the immobilized samples was 90.9 U/mg CRL (sample Al-50-24-CRL), 

comparable to the highest specific activity achieved by cPPL immobilization. 

 
Table 6-4: Specific Activity of Free and Immobilized C. rugosa Samples 

Sample Specific Activity (U/mg) 

Free 138.7 

Al-0-24-CRL 64.8 

Al-25-24-CRL 76.4 

Al-50-24-CRL 90.9 

 
 

6.4 Discussion 
Highly porous and densely-packed twinned alumina nanosheets were functionalized with 

the epoxysilane ETES to promote lipase attachment during the subsequent immobilization 

procedure. The functionalization and immobilization mechanisms are reported in Figure 

6-7. In the literature, it has been demonstrated that lipases bond covalently by surface 

amino groups to linker molecules during immobilization to functionalized supports [373–

375]. 
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(a) 

 

 

(b) 

 

Figure 6-7: Mechanisms for (a) functionalization of twinned alumina nanosheets with ETES 
and (b) subsequent lipase immobilization on the functionalized twinned alumina 

nanosheets 

 

The nanosheets were silylated in 1-propanol in the absence of acid/base catalysts at 

moderate temperatures to prevent epoxy ring opening during the hydrolysis, 

condensation, and polymerization reactions of the SCA to the nanosheet surface. The 

presence of FTIR peaks at 730, 835, and 880 cm-1 in Figure 6-3 confirm that the epoxy ring 

remained intact during silane deposition. 

In our work, the alumina nanosheet aggregates were silylated at 60°C for either 4 h, 24 h, 

or 96 h, and dried under ambient conditions overnight in a fumehood. The presence of the 
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characteristic Al-O-Si and Si-O-Si peaks in Figure 6-3 show that the silylation treatment and 

subsequent drying process were adequate for successful silane deposition. 

Extending the silylation treatment time from 4 to 24 h increased the total peak heights of 

the Al-O-Si and Si-O-Si peaks (Figure 6-3), indicating that the 24 h treatment time created 

robust siloxane networks. The same trend was observed when the amount of ethanol in the 

nanosheet synthesis mixture was increased from 0 vol% to 50 vol%. 

Ratios of the Al-O-Si / Si-O-Si peak heights were calculated (Table 6-5) to assess the effects 

of silylation time and type of support on the formation of the siloxane network. The 

increase in this ratio indicates the formation of more direct bonds between the alumina 

nanosheet surface and silane molecules and less cross-linking in the siloxane network. 

 

Table 6-5: Relative Height of Al-O-Si / Si-O-Si Peaks from FTIR Spectra of Silylated Alumina 
Nanosheets (Figure 6-3) 

Sample 
Silylation Time (h) 

4 24 

Al-0 1.20 1.26 

Al-25 1.27 1.34 

Al-50 1.38 1.42 

 

 

During synthesis, the twinned alumina nanosheets agglomerated to form highly porous 

spherical-like aggregates. In our previous work, we measured the particle size distributions 

of the twinned alumina nanosheet aggregates at each synthesis condition using dynamic 

particle size analysis [337]. With no ethanol in the synthesis mixture, the aggregates 
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exhibited a unimodal size distribution (d50 = 7.5 µm). In 25 vol% ethanol-water, the 

aggregates exhibited a bimodal size distribution (d50, 1 = 2.5 µm, d50, 2 = 10.5 µm). In 50 

vol% ethanol-water, the aggregates exhibited a trimodal size distribution (d50, 1 = 4.0 µm, 

d50, 2 = 15.0 µm, d50, 3 = 27.5 µm). We measured the porosities and macroscopic surface 

areas of the nanosheets and each synthesis condition [337]. We determined that the Al-0, 

Al-25, and Al-50 had porosities of 79, 85, and 88%, and macroscopic surface areas of 2.89, 

5.31, and 5.70 m²/g, respectively. 

An increase in ethanol concentration was found to increase the porosity and surface area of 

the internal network formed by the twinned alumina nanosheets, providing greater access 

to the internal porous network of the twinned alumina nanosheet structure. With greater 

internal accessibility, silane molecules can penetrate deeper into the porous network 

formed by the nanosheets and bond directly with a greater number of aluminum atoms, 

resulting in a higher Al-O-Si/Si-O-Si ratio. The higher ratios represent a preference for 

silane molecules to bond to surface aluminum atoms instead of cross-link to adjacent silane 

molecules in the siloxane network. This preference is driven by the need to minimize 

alumina surface energy [376]. In a study on frictional properties of surface coatings, Kośla 

et al. determined that silylation reduced alumina surface energy by 42 to 71% [376].  In 

this work, silane cross-linking was not observed as the modified supports were not heat 

treated [377].  

Two different lipases were immobilized on the silylated supports to assess the effect of 

lipase type on immobilization efficiency and activity. cPPL was successfully immobilized on 

the silylated nanosheets, with a maximum uptake of 16.9 + 0.5 mg cPPL/g Al-50-96-cPPL 

(Table 6-1). However, immobilization uptake was not significantly higher when compared 
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to the lipase immobilization achieved using Al-50-24, a support silylated for 72 hours less 

than Al-50-96. Furthermore, extending the silylation treatment from 24 h to 96 h only led 

to a 2.8% increase in immobilized enzyme activity. Therefore, the use of extended silylation 

times beyond 24 h is not justified, as significant increases in immobilization uptake and 

immobilized enzyme activity were not seen. As such, we recommend limiting the silylation 

time to 24 h. 

In general, an increase in either silylation time (up to a maximum of 24 h) or ethanol 

concentration increased total cPPL immobilization. The supports were not cured after 

silylation to avoid premature epoxy ring opening. From Table 6-5, it was shown that an 

increase in silylation time increases the relative amount of Al-O-Si bonds on the nanosheet 

surface. With more silane molecules covalently bonded to the nanosheet surface, a greater 

amount of lipase could be immobilized. Sufficient surface saturation with silane molecules 

occurs after a 24 h silylation treatment, as suggested by the insignificant increase in 

enzyme immobilization between Al-50-24-cPPL and Al-50-96-cPPL (Table 6-1). The results 

show that the Al-50 nanoparticles have a maximum capacity for lipase of 16.9 + 0.5 mg 

cPPL/g support, with a specific activity of 93.2 U/mg. 

cPPL immobilization efficiency was compared before and after washing with buffer 

solution (Figure 6-5). The results confirmed that silylation was necessary to permanently 

bond the protein molecules to the nanosheet surface. Without silylation, 36 to 80% of the 

cPPL was washed away with the buffer solution. In the absence of silylation, an 

adsorption/desorption mechanism is employed by cPPL to temporarily bond to the 

nanosheet surface. Lipase readily adsorbs to hydrophobic surfaces and remains adsorbed 

unless exposed to extreme temperatures or pH [361,378]; the protein does not bond 
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effectively to hydrophilic surfaces [379]. Alumina is hydrophilic at pH 7.0, necessitating the 

use of alternative immobilization strategies. With 4, 24 or 96 h of silylation, up to 99.8% of 

the cPPL was retained on the nanosheet surface through covalent bonding. 

In the study on cPPL immobilization, it was determined that 96 h of silylation led to the 

highest uptake of lipase (Table 6-1). However, extending the silylation time beyond 24 h 

did not increase enzyme immobilization significantly. Therefore, only Al-(0,25,50)-24 

nanosheets were used during CRL immobilization, as these silylated nanosheets were 

found to be the most effective supports for immobilization and had reasonable preparation 

times. In Figure 6-6a, the effects of ethanol concentration and incubation time on CRL 

immobilization can be seen. These results are independent of the silylation time, and 

depend only on the properties of the nanosheets themselves. As with cPPL immobilization, 

using a higher ethanol concentration in the production of the alumina nanosheets led to a 

higher lipase uptake during immobilization. Washing after CRL immobilization on Al-

(0,25,50)-24 led to a higher reduction in immobilization efficiency (0.3 to 10.7%) when 

compared to washing after cPPL immobilization on Al-(0,25,50)-24 (0.04 to 3.5%). This 

indicates that CRL bonded less effectively to the epoxysilane than cPPL. Difficulty in the 

retention of CRL during immobilization compared to cPPL has been reported in the 

literature [380]. 

The specific activities of both lipases were tested using olive oil hydrolysis, where an 

emulsified olive oil mixture was hydrolyzed by the enzyme to form free fatty acids. The 

amount of FFAs produced during the reactions were quantified by titration with 

phenolphthalein. This technique is a well-known and accepted method for the 

determination of specific lipase activity due to the tendency for lipase-catalyzed reactions 
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to occur preferentially at lipid-water interfaces [364,381–383]. An olive oil emulsion is 

specifically used in this method to promote interfacial activation and enhance substrate-

enzyme contact during the hydrolysis reaction [384].  

As shown in Table 6-6, the specific activity of cPPL increased by a factor of up to 5.5 times 

(relative activity ratio in Table 6-6) when the enzyme was immobilized on twinned alumina 

nanosheets compared to the free enzyme in solution. This is due to the ability of lipase to 

preferentially bond to hydrophobic surfaces [361,378]. The cPPL used in this work is a 

crude mixture of 10 to 50 enzymes [385], up to 10% of which is actual PPL [386]. Other 

lipolytic/esterolytic enzymes in the mixture compete with lipase for substrate material. 

Silylation increased the hydrophobicity of the twinned alumina nanosheets, thereby 

drawing the more hydrophobic PPL out of the crude enzyme mixture during the 

immobilization process. Immobilization therefore was selective for pancreatic lipase. This 

increased the specific activity of the bound lipase relative to the free enzymes in solution. 

The selective adsorption of lipase onto hydrophobic supports from crude enzyme 

preparations has been well documented in the literature [387–390]. The increased activity 

of lipase when immobilized on hydrophobic spacer arms has also been reported [391]. 

In addition, immobilization induced a conformational change in the lipase molecule. The 

active site of PPL is isolated from the reaction medium by a hydrophobic polypeptide chain 

or “lid” region [392]. The active site can only be reached after the enzyme undergoes 

conformational changes to open the lid. The open conformation is stabilized by bile salts in 

vivo [393]; this environment can be simulated by using a buffer solution containing ions 

with low polarizability [394]. The buffer solution used in this work contained potassium 

phosphate monobasic and sodium hydroxide within the recommended levels of ionic 
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strength for optimal enzyme activation based on the Hofmeister effect as determined by 

Salis et al. [394]. Once purified from the crude enzyme mixture, the buffer salts had greater 

access to the lipase molecules and could help stabilize the open conformation, thereby 

increasing enzyme activity. 

The specific activity of the immobilized lipases is also related to the structure of the 

support material; more specifically, the porosity of the alumina aggregates. Increasing the 

ethanol concentration in the synthesis mixture of the support increases the overall porosity 

of the internal network, thereby increasing accessibility to the immobilized enzyme. The 

specific lipase activity never reached a plateau (Figure 6-8), indicating that the nanosheet 

aggregate network maintained its internal accessibility in all cases. Furthermore, the most 

porous alumina aggregates create the most accessible catalyst support material. 

 

 

 
  

 
Figure 6-8: Specific activity of the immobilized lipases as a function of the porosity of the 

support material 
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In this work, we have shown that up to 66% of specific activity is retained after 

immobilization of CRL, when compared to the free enzyme in solution. Unlike PPL, the CRL 

used in this work was a pure enzyme preparation. Although the uptake of CRL on the 

supports was greater than that of the cPPL, the enzyme was less active once immobilized. 

Other studies from the literature show that CRL specific activity is lowered after 

immobilization (Table 6-6). Negishi et al. reported reductions in specific activity after CRL 

immobilization on various supports, including an 80 – 85% reduction after immobilization 

on powdered pig bone, and a 99.2 – 99.5% reduction after immobilization on Amberlite 

IRA-94 [395]. 

Knezevic et al. studied the effects of various covalent bonding mechanisms on the reduction 

in specific activity after CRL immobilization on Eupergit C. Immobilization via an epoxy 

group accounted for 20.7% residual specific activity due to multipoint attachment and 

attachment to the active site of the enzyme [396]. In their work, a methoxypropane spacer 

arm was used to attach the enzyme. In our work, an ethylcyclohexyl spacer arm was used 

(Figure 6-1), accounting for the higher residual activity of our immobilized CRL due to the 

increased hydrophobicity and chain length of this spacer. The residual activity was 66% 

versus the 20.7% residual activity reported in Knezevic et al. This phenomenon was also 

demonstrated in the work of Bayramoğlu et al., who reported that 81% of the specific 

activity was retained after the immobilization of CRL on magnetic beads activated with 

epoxy groups and a glutaraldehyde spacer arm [397].  
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Table 6-6: Specific activities of free and immobilized lipases from the literature 

Support Lipase Source 
Test 

Conditions 

Specific 
Activity of Free 

Enzyme in 
Solution (U/mg 

protein) 

Specific Activity 
of Immobilized 

Enzyme 
(U/mg protein) 

Relative 
Activity 
(ratio) 

Source 

Al-0-24 

Porcine 
pancreatic 

Olive oil 
emulsion, 

37°C, pH 7.0 
16.4 

75.9 4.63 

This work Al-25-24 81.4 4.96 

Al-50-24 90.7 5.53 

Glutaraldehyde-
activated 

polysiloxane-
polyvinyl alcohol 

particles (POS-PVA)  

Olive oil 
emulsion, 

37°C, pH 7.0 
2107 485 0.23 [357] 

Polyacrylamide 
(Akrilex C-100) Olive oil 

emulsion, 
37°C, pH 7.5 

2.5 

0.3 0.12 

[358] 

Silica 
(Silochrome) 

0.05 0.02 

VTES-modified 
nanosized silica 

Olive oil 
emulsion, 

37°C, pH 6.9 
177.3 209.2 1.18 [360] 

SDS-modified 
nanosized magnetite 

Olive oil 
emulsion, 

37°C, pH 7.7 
6.37 9.87 1.55 [361] 

Al-0-24 

Candida rugosa 

Olive oil 
emulsion, 

37°C, pH 7.0 
138.7 

64.8 0.47 

This work Al-25-24 76.4 0.55 

Al-50-24 90.9 0.66 

Powdered pig bone 

Olive oil, 37°C, 
pH 7.7  

2200 

330 – 440 0.15 – 0.20 

[395] 
Anion exchange 

resin 
(Amberlite IRA-94) 

11 – 17 
0.005 – 
0.008 

Epoxy-activated 
acrylic beads 
(Eupergit C) 

Olive oil 
emulsion, 

37°C, pH 7.7 
1.55 0.31 0.207 [396] 

Epoxy-activated 
magnetic poly(GMA-

MMA) beads 

Olive oil 
emulsion, 

35°C, pH 7.0 
935 757 0.81 [397] 
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6.5 Conclusions 
Twinned alumina nanosheets were manufactured by first synthesizing boehmite 

nanosheets in various ethanol-water mixtures, followed by calcination. The nanosheets 

were functionalized by treatment with an epoxysilane to promote lipase immobilization. 

Using FTIR, it was determined that the epoxy group remained intact after the silane 

molecules were attached to the alumina nanosheet surface. 

Two types of lipases were immobilized on the alumina nanosheets: crude porcine 

pancreatic lipase and lipase from Candida rugosa. In both cases, it was determined that 

nanosheets produced in 50 vol% ethanol-water followed by a 24 h silylation process 

produced particles with the highest lipase immobilization and retention after washing with 

buffer solution (16.7 + 0.2 mg/g Al-50-24-cPPL and 39.7 + 0.9 mg/g Al-50-24-CRL). 

Extended silylation beyond 24 h did not significantly increase lipase immobilization on the 

twinned alumina nanosheets. 

The specific activity of immobilized lipases was related to the structure of the twinned 

alumina nanosheet support material. Supports synthesized in 50 vol% ethanol had the 

highest porosity (89%) thereby increasing accessibility to the immobilized enzyme. 

The specific activity of immobilized cPPL was up to 5.5 times higher than that of the free 

enzyme in solution. This was due to the ability of the lipase to preferentially bond to the 

hydrophobic functionalized alumina surface. The retained specific activity of immobilized 

CRL was up to 66% when compared to the free enzyme solution. The loss of activity after 

immobilization was likely due to multipoint covalent attachment and attachment to the 

active site of the enzyme. The use of a longer and more hydrophobic spacer arm in this 
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work led to a greater residual specific activity for immobilized CRL than that obtained with 

Eupergit C. 
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7 FFA-Selective Catalyst for the Pretreatment of Acidic Oils 
Katrina Roebuck, Jiarong Zhou, A.Y. Tremblay 

 

Oils with high free fatty acid content are a low-cost feedstock for biodiesel synthesis. However, 

these feedstocks must be pretreated to reduce the FFA content to <0.50 wt% so they can be 

transesterified at an industrial scale via the conventional alkaline method. Significant FFA 

reduction can be accomplished via pretreatment with immobilized lipases. In this study, 

shape-controlled twinned alumina nanosheets (TAN) were functionalized with an epoxysilane 

to promote the immobilization of lipase from Candida antarctica (CALB). The resulting 

immobilized enzyme preparation was used to catalyze FFA reduction in a 2.5 wt% FFA in 

canola oil mixture at loadings of 0.3 wt% CALB on TAN and 0.03 wt% CALB on TAN. We 

compared our enzyme preparation to a commercially-available enzyme (Novozym 435) at 

equivalent catalyst loadings. Due to excessive oil hydrolysis, the commercial catalyst was 

unable to maintain the FFA content below 0.50 wt% for an extended period of time. The 

immobilized enzyme produced in this work rapidly reduced the FFA content during the initial 

2 to 4 h of each run and maintained the FFA content below 0.50 wt% for up to 56 h. CALB 

immobilized on TAN showed high reusability with no observable reduction in immobilized 

catalyst activity after 5 uses. 

 

7.1 Introduction 
In recent years, biodiesel has emerged as a non-toxic, biodegradable alternative to replace 

petroleum-based diesel fuel [398]. Renewable fuels are becoming increasingly important as 

petroleum fuel stocks diminish [398,399] and their continued use impacts the environment 

[400,401].  
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Biodiesel is industrially produced by the transesterification of triglycerides (TGs) with 

excess alcohol in the presence of an alkaline catalyst [402]. The ideal feedstock for this 

process is vegetable oil that is free from impurities such as water, free fatty acids (FFAs), 

sterols, or phospholipids, which produce unwanted byproducts during the 

transesterification reaction that hinder downstream processing [402]. In particular, the 

presence of excess water or FFAs lead to saponification, resulting in an emulsified product 

that is difficult to separate [403]. 

Up to 95% of biodiesel feedstock is currently derived from edible oils [403,404]. Non-

edible oils and waste oils are an alternative feedstock for biodiesel that do not directly 

interfere with the production of food crops [404]. However, these feedstocks contain 

significantly higher amounts of impurities than their edible counterparts. For biodiesel 

production by the conventional homogeneous alkaline method, the FFA content must be 

minimized to prevent saponification (<0.50 wt%) [405,406]. 

The reduction of FFAs in waste oil can be facilitated through the use of an enzymatic 

pretreatment process. In the presence of excess alcohol, lipases (EC 3.1.1.3) will esterify 

FFAs to form fatty acid alkyl esters (FAAE) [407,408]. Immobilized lipases are particularly 

useful in this processing strategy due to their increased thermal stability and inherent 

reusability [342]. Lipases also catalyze the transesterification of triglycerides into FAAE 

[402,408]; however, the process is significantly slower than chemical methods [409,410]. 

Therefore, once the concentration of FFAs is reduced below the threshold level (<0.50 

wt%), the conventional homogeneous alkaline method can be employed to convert the 

remaining feedstock into biodiesel. However, lipases are lipid-hydrolyzing enzymes. In the 

presence of free water, lipases catalyze the hydrolysis of triglycerides to form additional 
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FFAs [411,412]. Therefore, process parameters must be carefully controlled to reduce free 

water content in the reaction mixture and minimize the hydrolysis reaction.  

Methanol is the most commonly used alcohol in the transesterification process due to its 

low cost [413]. Increasing the proportion of methanol in the reactor can be used to drive 

the esterification and transesterification reactions forward. Furthermore, methanol is able 

to compatibilize other aqueous compounds (e.g. glycerol) produced during the series of 

reactions which would otherwise adsorb onto the immobilization support [414,415]. 

However, the irreversible loss of lipase activity has been reported when excess methanol is 

used [416,417]. The tolerability of various lipases to methanol is dependent on the source 

of lipase. For example, compared to lipases from Pseudomonas cepacia and Thermomyces 

lanuginosa, lipase from Candida antarctica has been reported as highly methanol-resistant 

[416]. 

In this work, we use a mixture of 2.5 wt% FFA in canola oil to determine the FFA reduction 

capability of lipase from Candida antarctica type B (CALB) immobilized on silylated 

twinned alumina nanosheets (TAN). This was compared to a commercially-available 

supported enzyme. 

TAN was synthesized in our laboratory as previously discussed by Roebuck et al. 

[331,362,418]. We also describe the immobilization of CALB on functionalized TAN 

supports and explore the capability of this immobilized enzyme preparation to favour the 

esterification of FFAs over the hydrolysis of triglycerides. 
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7.2 Experimental 
7.2.1 Materials 
Cetyl trimethylammonium bromide (CTAB), sodium hydroxide pellets, potassium 

hydroxide pellets, anhydrous ethanol, oleic acid (technical grade, 90%), bromophenol blue, 

phenolphthalein, Novozymes CALB L (aqueous lipase solution from C. sp.), and Novozym 

435 (C. antarctica immobilized on Lewatit VP OC 1600) were purchased from Sigma-

Aldrich (Canada). Aluminum chloride hexahydrate (99%, nitrogen flushed) was purchased 

from Acros Organics. Phosphate buffer solution (PBS) (potassium phosphate monobasic, 

sodium hydroxide, 0.05 M, pH 7.00 at 25°C), 1-propanol, isopropanol, hydrochloric acid 

(2N standard solution), Coomassie Brilliant Blue G-250 assay reagent, bovine serum 

albumin (BSA) standards, and cellulose filter paper (Whatman #1), were purchased from 

Fisher Scientific (Canada). 2-(3,4-Epoxycyclohexyl)ethyltriethoxysilane) (ETES) was 

purchased from Gelest, Inc. (Pennsylvania). Refined canola oil (Mazola) was purchased 

from Loblaw Co. Inc. All materials were used as purchased. 

 

7.2.2 Methods 
7.2.2.1 Preparation of Immobilization Supports 
Boehmite nanosheets were synthesized by metal salt hydrolysis in a 50% ethanol-water 

solution as detailed in previous works [331,362,418]. The boehmite nanosheets were 

calcined for 4 h at 600°C to produce TAN. 

To promote enzyme attachment, the TAN were silylated. A 20:80 v/v% solution of ETES in 

1-propanol was formed by the addition of 8 mL of ETES to 32 mL of 1-propanol. 400 mg of 

TAN were added to the solution and stirred briefly to suspend the particles. The 

nanosheets were silylated for 24 h in a 60°C water bath. After silylation, the nanosheets 
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were filtered through a Büchner funnel using a Whatman #1 filter paper and rinsed several 

times with 1-propanol to remove any unbound ETES. 

 
7.2.2.2 Enzyme Immobilization 
Immobilization of Novozymes® CALB L onto TAN was carried out as follows: 5 mL of the 

aqueous lipase formulation was mixed with 5 mL of PBS in a 125 mL Erlenmeyer flask. 200 

mg of silylated TAN were added to the lipase solution. The resulting mixture was incubated 

in an INFORS HT Multitron Pro incubator at 4°C at 150 rpm for 24 h. 100 µL samples were 

taken in triplicate for protein assay at 0, 1, 2, 4, 8 and 24 h during the lipase immobilization. 

After immobilization, the resulting particles were filtered through a Whatman #1 filter 

paper, rinsed several times with PBS, and dried. 

Assay samples were tested for protein concentration using the Bradford method [363] 

using UV-Vis spectroscopy at an absorbance of λ = 595 nm (HACH Spectrophotometer DR 

6000, Canada). Measurements were performed in triplicate. A calibration curve was 

constructed using BSA as a standard. 

 

7.2.2.3 Characterization of Immobilization Supports 
The particle size distributions of the unmodified and modified TAN were determined by 

dynamic particle size analysis. A capillary flow cell was cleaned using isopropanol and 

deionized (DI) water. A 1-mL aliquot from a 0.01 M stock solution was diluted to 100 mL 

with DI water. The solution was pumped through the flow cell at 0.1 mL/min using a 

peristaltic pump and analyzed using a DPA-4100 dynamic particle analyzer at high 

magnification (Brightwell Technologies Inc., Ottawa). 
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7.2.2.4 Free Fatty Acid Reduction in a Stirred Tank Batch Reactor 
Canola oil was acidified with oleic acid to produce a 2.5 wt% FFA solution. Methanol was 

added in a 6:1 molar ratio of methanol:FFA. Catalyst loading of 0.3 or 0.03 wt% based on 

FFA content in the feed mixture were added (Table 7-1) and the mixture was transferred to 

a 250 mL round-bottom flask. The flask was immersed in a 45°C water bath. Its contents 

were magnetically stirred at 700 rpm. Samples of 0.4 – 0.6 g were taken at regular intervals 

and quenched in 10 mL of isopropanol prior to testing for FFA (Section 7.2.2.5) and free 

water (Section 7.2.2.6). The batch experiment was carried out for 24 or 56 hours. The 

entire immobilized enzyme content in the reactor was recovered by centrifugation. A new 

batch experiment was performed using the recovered immobilized lipase to assess its 

reusability. A single batch experiment was conducted using TAN particles without 

immobilized lipase to determine whether any reduction in FFA was associated with the 

enzyme support. 
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Table 7-1: Catalyst Loadings Used for Free Fatty Acid Reduction in a Stirred Tank Batch 
Reactor 

Support Type 
Mass of Immobilized 

Enzyme (mg) 
Mass of Enzyme 

Preparation (mg) 
Experiment Labelc 

Lewatit VP OC 1600 
(Novozym 435) 

3a 100 
0.3 wt% CALB on 

Novozym 435 

0.3a 10 
0.03 wt% CALB on 

Novozym 435 

TAN 

3b 1000 
0.3 wt% CALB on 

TAN 

0.3b 100 
0.03 wt% CALB on 

TAN 
a. Mass of CALB immobilized on Novozym 435 based on Cabrera et al. [37] 
b. Mass of CALB immobilized on TAN based on results in this work. 
c. Catalyst loading based on 2.5 wt% FFA feed mixture: 1 g oleic acid, 39 g canola oil. 
  

 
7.2.2.5 Analysis for Free Fatty Acid Content 
FFA content in the oil samples was determined based on the modified AOCS method Cc 17-

79 by Van Gerpen et al. [419]. Stock solutions of 0.01 N potassium hydroxide (KOH) in 

isopropanol and 0.01 N hydrochloric acid (HCl) in isopropanol were prepared. Solutions of 

the required pH indicators (phenolphthalein and bromophenol blue) in isopropanol were 

prepared.  

The FFA/oil sample was shaken in isopropanol until dissolved. The mixture was 

transferred to a 125 mL Erlenmeyer flask. Approximately 100 μL of phenolphthalein in 

isopropanol was added to the mixture. The mixture was titrated to the phenolphthalein 

endpoint using 0.01 N KOH in isopropanol in a 25.00 mL burette. Approximately 100 μL of 

bromophenol in isopropanol was added to the mixture. The mixture was titrated to the 

bromophenol blue endpoint using 0.01 N HCl in isopropanol in a 25.00 mL burette. The 

acid and base titration volumes were recorded in millilitres. 

The concentration of FFA was then calculated by the following equation: 
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         𝐶𝐹𝐹𝐴 =
𝐶𝑎𝑐𝑖𝑑𝑉𝑎𝑐𝑖𝑑𝑀𝑊𝐹𝐹𝐴

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
× 100% (7-1) 

 

where CFFA is the concentration of FFA (wt%), Cacid and Vacid are the concentration (mol/L) 

and volume (L) of hydrochloric acid added during the titration, MWFFA is the molecular 

weight of oleic acid, and msample is the mass of the titration sample measured using the 

analytical balance (g). 

The reduction in FFA can then be calculated using the following equation: 

𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝐹𝐹𝐴 = (1 −
𝐶𝐹𝐹𝐴

𝐶𝐹𝐹𝐴,0
) × 100% (7-2) 

 

where CFFA is the current concentration of FFA (wt%) and CFFA,0 is the initial concentration 

of FFA (wt%). 

 

7.2.2.6 Analysis for Free Water Content 
Samples were prepared for analysis by centrifugation. The non-polar and polar phases 

were analyzed for free water content using a Karl-Fischer titrator (TitroLine KF trace 

Titrator, Schott Instruments, Germany). Anhydrous isopropanol was used as a standard. 

 
7.2.2.7 Statistical Analyses 
Standard statistical procedures were used, including mean averaging and standard 

deviation for triplicate results. A one-sided t-test was used to determine whether any 

statistically significant difference existed between two independent immobilization 

experiments. One-way analysis of variance (ANOVA) was used to determine whether any 

statistically significant differences exist between three or more independent 

immobilization experiments. A significance level of α = 0.01 was used. Reactor data was 
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analyzed by linear regression. An R² value of 0.90 was set as the minimum value required 

for linearity. 

 

7.3 Results 
7.3.1 Characterization of Supports 
The particle size distributions of the unmodified and modified TAN are shown below in 

Figure 7-1. Roebuck and Tremblay [362] showed that TAN synthesized in 50 vol% ethanol-

water solutions exhibit a trimodal particle size distribution. The silylation and CALB 

immobilization procedures do not significantly change the particle size distributions of the 

TAN, indicating that the particles do not further aggregate during the silane 

functionalization and enzyme immobilization procedures. 

   
(a) (b) (c) 

 
Figure 7-1: Particle size distributions of unmodified and modified TAN as measured by 
dynamic particle size analysis (a) unmodified TAN; (b) silylated TAN; (c) silylated TAN 
with immobilized CALB. 

 

Novozym 435 is prepared by physically immobilizing CALB to the macroporous hydrophilic 

support Lewatit VP OC 1600, a spherical resin formed from DVB-crosslinking methyl 

methacrylate [420]. Novozym 435 has a broad particle size distribution (200 to 1000 µm, 

d50 = 472 µm) [421]. 
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7.3.2 Free Fatty Acid Reduction in the Absence of Catalyst 
Alumina is a well-known adsorbent [152,184,422,423]. A batch experiment was performed 

at 45°C for 24 h to determine whether the TAN, used as an enzyme support in these 

experiments, acted as an adsorbent towards the FFA present 2.5 wt% FFA oil. The oil 

mixture was prepared as discussed in Section 7.2.2.4. The concentration of FFA was 

measured at regular intervals during the 24 h experiments. The concentration remained 

constant at 2.50 + 0.02 wt% over the 24 h period. From these results, it is evident that the 

enzyme support does not act as an adsorbent towards FFA. 

 

7.3.3 Immobilization of CALB on Silylated Twinned Alumina Nanosheets 
Three tests were performed to establish the protocol to immobilize CALB on silylated TAN. 

The reproducibility of CALB retention on silylated TAN was assessed during these tests. 

The amount of lipase loaded on the TAN supports during the 24 h immobilization 

procedure is shown in Figure 7-2. The results are reported for 3 immobilization tests (Imm. 

Tests 1 to 3), with each protein measurement repeated in triplicate. The lipase was loaded 

on the silylated TAN with high reproducibility. There is no statistically significant 

difference between the mean average loadings after 24 h (one-way ANOVA, F = 5.57, Fcritical 

= 10.92, p-value = 0.043). The average loading after 24 h was 3.3 + 0.1 mg lipase/g support. 

After rinsing with buffer solution, the average loading was 3.1 + 0.2 mg lipase/g support. 

There was no statistical difference in the loading before or after rinsing (one-sided t-test, p-

value = 0.175), indicating that the lipase was successfully immobilized onto the support 

during the immobilization procedure. 
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Figure 7-2: Enzyme loading during immobilization of CALB on silylated twinned alumina 
nanosheets. Results are reported for three separate immobilization tests (Imm. Test 1 to 3) 
with each protein measurement taken in triplicate. 
 
 

7.3.4 Free Fatty Acid Reduction using 0.3 wt% CALB on Novozym 435 
Figure 7-3, Figure 7-4, and Table 7-2 show the results of the 4 batch experiments carried 

out using a catalyst loading of 0.3 wt% CALB on Novozym 435. The immobilized enzyme 

sample was recovered by centrifugation and reused in subsequent runs. 

The amount of FFA in the process decreased rapidly during the first 2 hours of each run at 

a rate of 0.53 to 1.04 wt% per hour (Figure 7-3). The threshold level (<0.50 wt%) was 

reached within the first 0.9 to 3.7 h. The minimum level of 0.10 to 0.34 wt% FFA was 

reached within the first 2 to 4 h in each experimental run. However, the FFA content was 

not maintained below the threshold level. It rapidly increased to 0.85 to 1.57 wt% after 24 

h, representing 39 to 59% of the initial FFA concentration. 

The Novozym 435 beads swelled and degraded over the course of the 4 batch runs from 

solid polymeric beads to a translucent gel. This phenomenon is well-reported in the 

literature [424–426], and is due to the swelling and dissolution of the Lewatit VP OC 1600 
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bead’s polymeric matrix by the diffusing and reacting species such as FFAs [424] and short-

chain alcohols [426]. 

 

Figure 7-3: Reduction in FFA during batch experiments using 0.3 wt% CALB on Novozym 
435. Results are from four experimental runs with the same sample of Novozym 435. The 
sample was separated by centrifugation and reused in subsequent runs. 
 
The water content in the reaction mixture was monitored by Karl Fischer titration at 

regular intervals during the course of each 24 h run during the 0.3 wt% CALB on Novozym 

435 batch experiments (Figure 7-4). The initial water content in the 40 g of reaction 

mixture was 564 + 151 ppm. The water content in the oil phase of the reaction mixture in 

runs 1 to 3 rapidly increased during the first 2 to 4 h, coinciding with the rapid decrease in 

FFA content seen in Figure 7-3. The triglyceride hydrolysis reaction is triggered at high 

water concentration (1019 to 1247 ppm, according to Figure 7-4), leading to the 

consumption of water after 2 to 4 h in these runs. In run 4, the water content remained 

relatively steady for the duration of the reaction time, likely due to the increasing presence 

of diglycerides, monoglycerides, and glycerol accumulating in the polar phase of the 

reaction mixture as it was transferred from one 24 h batch experiment to the next. 
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The water content in fresh Novozym 435 beads and the degraded Novozym 435 gel was 

measured (Table 7-2). It was determined that the water content in the catalyst sample 

increased by a factor of 3.47, indicating that water accumulated in the polar phase of the 

reaction mixture. 

 

 
Figure 7-4: Water content in the oil phase of the reaction mixture during batch experiments 
using 0.3 wt% CALB on Novozym 435. Results are from four experimental runs with the 
same sample of CALB on Novozym 435. The sample was separated by centrifugation and 
reused in subsequent runs. 
 
 

Table 7-2: Water content measured by Karl Fischer titration of enzyme-immobilized 
Novozym 435 particles before and after use in a stirred tank batch reactor. 

Sample Water Content1 (wt%) 

Fresh Novozym 435 1.06 

0.3 wt% CALB on Novozym 435 Saturated 
with Reaction Mixture After 4 Batch 

Experiments 
3.68 

1. Average value of duplicate measurements 
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7.3.5 Free Fatty Acid Reduction using 0.3 wt% CALB on TAN 
Figure 7-5, Figure 7-6, and Table 7-3 show the results of the 4 batch experiments carried 

out using a catalyst loading of 0.3 wt% CALB on TAN, equivalent to the catalyst loading on 

Novozym 435 used in Section 7.3.4. This allowed us to compare the two catalyst supports 

on a lipase-to-lipase basis. The immobilized enzyme sample was recovered by 

centrifugation and reused in subsequent runs. 

The amount of FFA in the process decreased rapidly during the first 2 hours at a rate of 

1.04 to 1.10 wt% per hour. The threshold level (<0.50 wt%) was reached within the first 

1.4 to 1.9 h. The minimum FFA content of 0.15 to 0.20 wt% FFA was reached between the 

first 2 to 4 h in each experimental run. In addition, the FFA content was maintained below 

the threshold level for the remainder of the experiment in each run. The TAN runs showed 

high reproducibility with no observable reduction in activity over 4 repeated experiments 

at a catalyst loading of 0.3 wt% CALB on TAN. 

 
Figure 7-5: Reduction in FFA during batch experiments with 0.3 wt% CALB on TAN. Results 
are from four experimental runs with the same sample of CALB immobilized on silylated 
TAN. The sample was separated by centrifugation and reused in subsequent runs. 
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The water content in the reaction mixture was monitored by Karl Fischer titration at 

regular intervals during the course of each 24 h run during the 0.3 wt% CALB on TAN batch 

experiments (Figure 7-6). The initial water content in the 40 g of reaction mixture was 821 

+ 140 ppm. The water content in the oil phase of the reaction mixtures in runs 1 and 2 

decreased during the first 2 h; in run 3, the water content was relatively stable; and in run 

4, the water content rapidly increased during the first 2 h. After 2 h, the water content in 

each run was relatively constant. 

Based on the FFA content in Figure 7-5, it is evident that the triglyceride hydrolysis 

reaction was not triggered during any of the 4 runs at 0.3 wt% CALB on TAN. The water 

content in this reaction mixture was measured to be as high as 1326 ppm, 6 to 30% higher 

than the values determined to trigger the hydrolysis reaction in the 0.3 wt% CALB on 

Novozym 435 runs.  

The water content in fresh CALB on TAN particles and the particles after 4 batch runs was 

measured (Table 7-3). It was determined that the water content in the catalyst sample 

increased by a factor of 87.5. This did not affect the ability of the immobilized enzyme to 

reduce FFAs nor did it cause the immobilized enzyme to catalyze the hydrolysis of TGs to 

form additional FFAs (Figure 7-5).  
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Figure 7-6: Water content in the oil phase of the reaction mixture during batch experiments 
using 0.3 wt% CALB on TAN. Results are from four experimental runs with the same 
sample of CALB on TAN. The sample was separated by centrifugation and reused in 
subsequent runs. 
 
 

Table 7-3: Water content measured by Karl Fischer titration of enzyme-immobilized TAN 
particles before and after use in a stirred tank batch reactor. 

Sample Water Content1 (wt%) 

Fresh CALB on TAN 0.12 

0.3 wt% CALB on TAN Saturated with Reaction 
Mixture After 4 Batch Experiments 

10.5 

1. Average value of duplicate measurements 

 
 

7.3.6 Free Fatty Acid Reduction using 0.03 wt% CALB on Novozym 435 
Figure 7-7 summarizes the results of the 5 batch experiments carried out using a catalyst 

loading of 0.03 wt% CALB on Novozym 435, 10% of the catalyst loading used in Sections 

7.3.4 and 7.3.5. The immobilized enzyme sample was recovered by centrifugation and 

reused in subsequent runs. 

The amount of FFA in the process decreased steadily during the first 2 hours at a rate of 
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56 h to minimum values between 0.33 to 0.48 wt%, lower than the threshold level of 0.50 

wt%. The minimum concentration corresponds to a reduction from the initial FFA 

concentration of between 81 and 87%. The FFA content was maintained below the 

threshold level of 0.50 wt% FFA for 1.5 to 23.2 h. Subsequently, the amount of FFA 

increased to values between 0.80 to 1.23 wt%. 

 

Figure 7-7: Reduction in FFA during batch experiments 0.03 wt% CALB on Novozym 435. 
Results are from five experimental runs with the same sample of Novozym 435. The sample 
was separated by centrifugation and reused in subsequent runs. 
 

7.3.7 Free Fatty Acid Reduction using 0.03 wt% CALB on TAN 
Figure 7-8 summarizes the results of the 5 batch experiments carried out a catalyst loading 

of 0.03 wt% CALB on TAN, equivalent to the catalyst loading on Novozym 435 used in 

Section 7.3.6. This allowed us to compare the two catalyst supports on a lipase-to-lipase 

basis. The immobilized enzyme sample was recovered by centrifugation and reused in 

subsequent runs. 
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The amount of FFA in the process decreased rapidly during the first 2 hours at a rate of 

0.50 to 0.62 wt% per hour. The threshold level of <0.50 wt% FFA was reached within 22 to 

26 h in each run. The minimum concentration of FFA was reached between 48 and 56 h. 

This corresponds to a reduction from the initial FFA concentration of between 89 and 96%. 

The FFA content was maintained below the threshold level of 0.50 wt% for the remainder 

of the observation time in each experimental run. The TAN runs showed high 

reproducibility with no observable reduction in activity over 5 repeated experiments at a 

catalyst loading of 0.03 wt% CALB on TAN. 

 

Figure 7-8: Reduction in FFA during batch experiments with 0.03 wt% CALB on TAN. 
Results are from five experimental runs with the same sample of CALB immobilized on 
silylated TAN. The sample was separated by centrifugation and reused in subsequent runs. 
 

7.4 Discussion 
Lipase from a commercial liquid enzyme solution (Novozymes® CALB L) was successfully 

immobilized on silylated twinned alumina nanosheets in repeated experiments with high 

reproducibility. The average loading was 3.1 + 0.2 mg lipase/g support. 
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The high retention of lipase on the TAN demonstrates that the primary mechanism for 

lipase immobilization was covalent bonding. The epoxysilane ETES was used in this work 

for the purposes of facilitating the covalent bonding. The epoxy group is reactive even 

under mild conditions. It reacts with nucleophiles such as thiols, amines, and hydroxyls to 

form stable covalent bonds in a simple, one-step coupling procedure [348,427,428]. In the 

literature, it has been demonstrated that lipases bond covalently by their surface amino 

groups [373,374,429]. 

Lipases are used to catalyze numerous reactions, including the esterification of free fatty 

acids, transesterification of triglycerides, and the hydrolysis of triglycerides. The hydrolysis 

reaction is favoured when lipase has access to free water; the esterification and/or 

transesterification reaction(s) are favoured in low water environments. In the 

pretreatment of acidic oils, the hydrolysis reaction must be minimized to prevent the 

formation of additional FFAs. Therefore, when pretreating acidic oils with lipase, it is 

imperative to minimize the enzyme’s access to free water. 

In general, the hydrolysis reaction does not go to completion, resulting in a mixture of 

triglycerides, diglycerides (DGs), monoglycerides (MGs), free fatty acids, glycerol, and 

water [430]. This mixture can separate into aqueous and organic layers or microlayers, 

with more surface active compounds like FFAs, DGs, and MAGs migrating to the interfacial 

layer and displacing less surface-active compounds like TGs and lipase [430]. Lipase must 

be present at the interface of these layers/microlayers for optimal conversion. Therefore, 

phase separation rapidly reduces the overall rate of hydrolysis, a phenomenon that is well 

reported in the literature [430–433]. In this work, our goal is to minimize and ultimately 
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prevent the hydrolysis reaction from occurring, as it produces additional FFAs. As such, 

phase separation can be used to our advantage to reduce/prevent hydrolysis. 

In this work, we compared our prepared immobilized lipase (CALB immobilized on 

silylated TAN) with a commercial product (Novozym 435) to test their respective abilities 

to reduce FFA content in a mixture of 2.5 wt% FFA in canola oil and reduce/prevent the 

hydrolysis reaction in a series of experiments in a stirred tank batch reactor. In the two 

Novozym 435 experiments, the FFA content rapidly decreased to <0.50 wt%, the threshold 

level of FFA required for the oil to be used as feedstock for transesterification by the 

conventional alkaline method [405,406]. However, the FFA content could not be 

maintained below the threshold level. Following the initial period of rapid FFA reduction, a 

subsequent increase in FFA content was observed in all of the Novozym 435 experiments 

(Figure 7-3 and Figure 7-7). At the end of the experiments, the overall reduction in FFAs 

was found to be 44 – 59% and 53 – 85% for the 0.3 and 0.03 wt% CALB on Novozym 435 

experiments, respectively (Table 7-4). In the two TAN experiments, the FFA content rapidly 

decreased to <0.50 wt% and was maintained below the threshold level for the remainder of 

each experiment. At the end of the experiments, the overall reduction in FFAs was found to 

be 92 – 94% and 89 – 93% for the 0.3 and 0.03 wt% CALB on TAN experiments, 

respectively (Table 7-4). These observations suggest that the following was occurring: (1) 

when the overall concentration of FFAs was decreasing, the esterification reaction was 

favoured, and (2) when the overall concentration of FFAs was increasing, the hydrolysis 

reaction was favoured. 

The initial reduction and subsequent increase in FFA content using Novozym 435 to reduce 

FFAs in acidic oils has been reported in the literature. Nordblad et al. showed that the 
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increase in FFA after the minimum value is reached is due to the hydrolysis reaction being 

thermodynamically favoured [434]. The rapid FFA reduction and subsequent increase in 

FFA content was observed in the two Novozym 435 experiments conducted in this work. 

The transition from FFA reduction to FFA production was more rapid in the experiments 

with 0.3 wt% CALB on Novozym 435 versus 0.03 wt% CALB on Novozym 435. Using 0.3 

wt% CALB on Novozym 435, the FFA content reached the threshold level between 0.9 to 

3.7 h and remained below this level for 4.2 to 7.0 h (Figure 7-3). Using 0.03 wt% CALB on 

Novozym 435, the FFA content reached the threshold level between 18 to 49 h (Figure 7-7), 

13 to 54 times slower than the reactions carried out with 0.3 wt% CALB on Novozym 435.  

Using 0.3 wt% CALB on TAN, the FFA content reached the threshold level between 1.4 to 

1.9 h and remained below this level for the remainder of each of the four 24 h runs (Figure 

7-5). Using 0.03 wt% CALB on TAN, the FFA content reached the threshold level between 

22 and 28 h, 15 to 20 times slower than the reactions carried out with 0.3 wt% CALB on 

TAN. However, the FFA content still remained below the threshold level for the remainder 

of each of the five 56 h runs (Figure 7-8). This demonstrates that our prepared catalyst, 

CALB immobilized on silylated TAN, successfully inhibited the hydrolysis reaction at both 

catalyst loadings in our mixture of 2.5 wt% FFA in canola oil. 
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Table 7-4: Overall reduction in FFA content during repeated batch experiments 

 Overall reduction in FFA content (%) 

Experimental 
Run 

0.3 wt% CALB 
on Novozym 

435† 

0.3 wt% CALB 
on TAN† 

0.03 wt% CALB 
on Novozym 

435‡ 

0.03 wt% CALB 
on TAN‡ 

1 57 92 85 91 

2 52 92 53 93 

3 44 94 69 92 

4 59 94 77 89 

5 - - 76 89 

† Reduction in FFA content was calculated using Equation (7-2) for each 24 h. 

‡ Reduction in FFA content was calculated using Equation (7-2) for each 56 h.  

 

TAN are nanosized platelets that interconnect to form a highly porous superstructure 

[362,418]. The morphology of the TAN support provided unique advantages over the 

spherical Novozym 435 particles. The flat surface of the individual TAN platelets allowed 

for the buildup of a thin, uniform layer of weakly physisorbed water [435] (Figure 7-9a). 

Once the platelets were saturated with water, additional water that penetrated to the 

support surface was rejected back into the reaction mixture and removed from the vicinity 

of lipase molecules by the hydrophobic cross-linked silane network. By rejecting excess 

free water, the immobilized lipase particles favoured the reduction of FFAs over the 

hydrolysis of triglycerides. 

The results from Figure 7-6 support this finding. In the first 2 to 4 h of each run, the FFA 

content decreased rapidly (Figure 7-5), coinciding with a production in water. In runs 1 

and 2, the consumption of water was due to adsorption on the catalyst support, since no 

additional FFAs were produced. In all runs, the water content stabilized in the oil phase 
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after the initial FFA reduction period. This demonstrates that the hydrolysis reaction was 

successfully inhibited. The water content in the TAN sample increased by a factor of 87.5 

during the 0.3 wt% CALB on TAN batch experiments.  

The morphology of Novozym 435 particles have been discussed in the literature. Using 

synchrotron infrared microspectroscopy, Mei et al. demonstrated that immobilized CALB is 

localized in the outermost 100 μm of the intact Novozym 435 particle [436] (Figure 7-9b). 

In our reaction media, FFA and TG compete to react with immobilized lipase molecules. 

Since FFAs are smaller molecules, they can easily diffuse through the reaction media and 

reach the outer layer of the Novozym 435 particles more readily. TG molecules, which are 

bulkier than FFAs, take longer to reach the outer layer of the Novozym 435 particles. 

Furthermore, the water content required for the hydrolysis reaction is provided by the 

initial consumption of FFA. 
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(a) (b) 
 
Figure 7-9: (a) Mechanism for water adsorption during reduction of FFA catalyzed by CALB 
immobilized on TAN. Water is adsorbed as a thin layer on the surface of the alumina platelet. ETES 
spacer arm produces a hydrophobic layer that aids in the rejection of water from the vicinity of the 
immobilized lipase. (b) Mechanism for water absorption during reduction of FFA catalyzed by CALB 
immobilized on Lewatit VPOC 1600 (Novozym 435). Absorbed water swells the support, and is 
localized in the vicinity of reactive immobilized CALB. 
 

7.5 Conclusions 
Lipase from Novozymes® CALB L was successfully immobilized on silylated twinned 

alumina nanosheets with high reproducibility. The average loading was 3.1 + 0.2 mg 

lipase/g support after rinsing with buffer solution. 

We compared the FFA reduction capabilities of our prepared immobilized enzyme (CALB 

on TAN) against that of a commercially available enzyme in a set of repeated batch 

experiments. 

Using catalyst loading of 0.3 and 0.03 wt% CALB, we determined that the commercial 

catalyst was unable to maintain the FFA content below the threshold level of 0.50 wt% FFA 

for an extended period of time. Instead, the undesired hydrolysis reaction was promoted 

when water was absorbed by the catalyst support. 
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Using catalyst loadings of 0.3 and 0.03 wt% CALB on TAN, we demonstrated that our 

prepared immobilized enzyme rapidly reduced the FFA content during the first 2 to 4 h of 

each run to below the threshold level of 0.50 wt% FFA. The FFA level was maintained 

below the threshold level for the remainder of each of the TAN runs. The TAN runs showed 

high reproducibility with no observable reduction in immobilized catalyst activity. The 

ability of the TAN support to adsorb excess water and inhibit the undesired hydrolysis 

reaction demonstrates its superiority as an enzyme support in the reduction of FFAs in 

acidic oils. 
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8 General Discussion, Conclusions, and 

Recommendations 
 

8.1 General Discussion  
In this work, we explored the synthesis and applications of hierarchically-structured 

twinned alumina nanosheets. We first developed a synthesis regime to reproducibly 

manufacture shape-controlled TAN with a highly porous and open superstructure. The TAN 

were synthesized by a two-step process: synthesis of boehmite nanosheets via 

hydrothermal processing in ethanol-water mixtures (0, 25, 50 vol%) with varying 

concentrations of CTAB (25% below to 25% above the CMC in 5% increments), followed by 

calcination to produce TAN. We determined that the CMC of CTAB in 0, 25 and 50 vol% 

ethanol-water mixtures were 0.90 + 0.06, 3.90 + 0.71, and 19.20 + 0.55 mM respectively by 

conductometry (Table 3-1). The rapid increase in the CMC as a function of ethanol content 

demonstrated the ethanol’s ability to reduce the dielectric constant of the solvent mixture 

and increase the solubility of the hydrophobic moiety of the surfactant. 

Based on the Gibbs free energy of micellization, we showed that CTAB micelles are most 

favourably formed in pure water (Figure 3-1). This process is entropy-driven, whereas 

micelle formation in mixed solvents, such as ethanol-water mixtures, is enthalpy-driven. In 

pure water, the self-assembly of CTAB monomers into micelles causes a breakdown in the 

structure of the local water network as a result of the hydrophobic effect. The hydrophobic 

effect is reduced when ethanol is added, as the hydrophobic moiety of CTAB is stabilized by 

the presence of the cosolvent. 

Boehmite nanosheets were successfully produced by metal salt hydrolysis of aluminum 

chloride hexahydrate in 0, 25, and 50 vol% ethanol-water mixture. The effect of surfactant 
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concentration and the effect of micelles on the shape and thickness of boehmite nanosheets 

during the self-assembly of boehmite nanosheets was assessed by FTIR, XRD, SEM and 

image analysis software (Figure 3-2 and Figure 3-3). The shape of the nanosheets was 

assessed by SEM. Boehmite naturally self-assembles in a rhombic structure, which was 

evident in the nanosheets synthesized in pure water (Figure 3-7a). The introduction of 

ethanol into the synthesis solution decreased the surface tension of the solvent mixture 

and facilitated the selective adsorption of surfactant molecules on the boehmite surface. 

This adsorption stabilized the crystal faces, increasing growth in the lateral direction. This 

effect was more prominent at higher ethanol concentrations (Figure 3-7c). 

Image analysis was used to determine the effects of ethanol content and surfactant 

concentration on nanosheet thickness which indicated that the availability of surfactant 

monomers controlled particle thickness. In pure water and 25 vol% ethanol in water 

mixtures, surfactant monomers were readily available for nanosheet templating below the 

CMC. The thicknesses of nanosheets synthesized in pure water and 25% vol ethanol in 

water mixtures below the CMC were constant (200 + 17 nm and 110 + 17 nm, respectively) 

(Figure 3-4a,b, Figure 3-5, and Figure 3-6). Above the CMC, surfactant monomers 

aggregated to form micelles, and the thicknesses of nanosheets synthesized in pure water 

and 25 vol% ethanol in water mixtures increased as a function of surfactant concentration. 

Particle thickness was constant (103 + 15 nm) in 50 vol% ethanol-water mixtures, 

indicating that free monomers were always available for particle templating (Figure 3-4c, 

Figure 3-5, and Figure 3-6).  

Calcination of the boehmite nanosheets produced TAN. Using image analysis, we 

determined that the volume of individual TAN nanosheets synthesized in 0, 25, and 50 
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vol% ethanol-water mixtures were 1.9 + 0.7, 1.0 + 0.5, and 0.4 + 0.1 μm³, respectively 

(Table 4-1). Using dynamic particle size analysis, we determined the TAN synthesized in 0, 

25, and 50 vol% ethanol-water mixtures exhibit mono-, di-, and tri-modal particle size 

distributions (Figure 4-4). The aggregates were intrinsically porous with three-

dimensional pore connectivity. 

We developed mathematical models to estimate the packing density of the alumina 

aggregates in a closed container (Equations (4-5) to (4-17)). The aggregates were modelled 

as perfect spheres. We estimated the packing densities of the TAN-0, TAN-25, and TAN-50 

to be 54.0 – 54.2%, 65.3 – 74.4%, and 74.7 – 78.5%, respectively (Figure 4-6 to Figure 4-8). 

The TAN-50 nanosheets allowed for a higher packing density of aggregates in a given 

container size. 

Dynamic membranes were formed by the deposition of the TAN on filter supports. The 

DMs were first characterized under pure water filtration at 6.89 kPa (Figure 4-5). We 

determined that the TAN-50 DM had the highest porosity (88%) and hydraulic 

permeability (714 mD) (Table 4-3). 

The filtration properties of the TAN DMs were assessed during the constant-pressure 

filtration of a colloidal bentonite clay solution (dav = 0.43 + 0.05 μm) (Figure 4-9). Based on 

filtration models, it was concluded that the DMs initially filtered through intermediate 

blocking, and had begun to shift to cake filtration towards the end of the filtration run. 

Using SEM imaging, no evidence of a bentonite cake was found on the surface of the TAN 

DMs (Figure 4-11). Instead, agglomerates of clay particles were visible on the surfaces of 

the TAN-0 and TAN-25 DMs (Figure 4-11d,e). The agglomerates were evenly distributed 
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across the surface of the TAN-50 DM (Figure 4-11f). The transition to cake filtration was 

not complete by the end of the filtration run with TAN-50. 

We analyzed the distribution of the clay agglomerates further by probing their elemental 

composition using EDS. In particular, the total calcium content was used to determine 

whether bentonite was present at the site, as this element was only found in bentonite and 

not in any other compound used in this work. Bentonite deposited preferentially at specific 

sites on the surfaces of certain TAN-0 and TAN-25 particles, but uniformly across the entire 

surface of all TAN-50 particles (Figure 4-12, Table 4-6). We determined that the TAN-0 and 

TAN-25 DMs filtered via preferential channeling. Conversely, the TAN-50 particles were 

packed the most efficiently together with high porosity due to their low nanosheet volume. 

This combination of high packing density and high porosity also indicates that the TAN-50 

aggregates were intrinsically porous with three-dimensional connectivity. Overall, the high 

degree of packing allowed for an even distribution of flow throughout the internal 

aggregate pores of the TAN-50 DM. 

Having determined that TAN-50 produced DMs with the best performance during filtration 

of colloidal bentonite solutions, we compared their performance to common filter aids 

found in industry (diatomaceous earth). We used two grades of DE in this work: DE-512 

(medium-grade) and DE-577 (fine-grade). We assessed the performance of the filter aids 

during the filtration of colloidal bentonite solutions at 34.47 kPa. We developed a general 

filtration model to fit the normalized flux data obtained in this work (Equation (5-8)). 

Based on this model, we determined that the dominating filtration mechanism during the 

DE runs was cake filtration (Figure 5-5, Table 5-5, and Table 5-6). This was confirmed by 

SEM imaging (Figure 5-6a,b). The dominating filtration mechanisms during the TAN runs 
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were pore constriction and intermediate blocking (Figure 5-5). No evidence of cake buildup 

was seen on the TAN filter aids (Figure 5-6c) during the 3 L run. 

We measured the precoat thickness of the TAN precoat before and after filtration and 

found no evidence of compaction (Table 5-4). Conversely, the DE precoats compacted by up 

to 39% during deposition and subsequent filtration. From this, we determined that TAN 

particles stack similarly when they are settled under gravity or under flow, allowing the 

precoat to retain its open and porous structure when subject to flow. The DE particles slip 

relative to one another, causing them to form a denser, anisotropic filter cake when subject 

to flow. As a consequence, the hydraulic permeability of the TAN precoats were 13 to 29 

times greater than the DE precoats (Table 5-4).  

A solution of 125 mg of ultrasonicated bentonite in 4 L of water was passed through the 

filter aids. The permeate turbidity was monitored at regular intervals, and the flux and 

volume at which the target level (<0.10 NTU) was reached were determined. A 

combination of a high flux and low bentonite breakthrough was the desired outcome. For 

the TAN precoat, the target level was reached within the first 610 + 130 mL of permeate 

volume at a flux of 7246 + 649 LMH, as compared to 2380 + 480 mL at 258 + 84 LMH for 

the DE-512 precoat and 1180 + 410 mL at 808 + 387 LMH for the DE-577 precoat (Figure 

5-7 and Figure 5-8). This indicates that the DE precoat had defects that permitted the 

passage of a considerable amount of bentonite particles via preferential channeling. It was 

observed that the TAN precoat deposited in a more uniform way, eliminating preferential 

channeling through the cake layer and the body of the precoat. 

We also explored the potential for TAN to be used as catalyst supports in biocatalytic 

processes. We first established a synthesis protocol for the immobilization of lipase from 
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crude porcine pancreas, Candida rugosa, and Candida antarctica onto epoxysilane-

functionalized TAN with high reproducibility. Lipases bond covalently by surface amino 

groups to linker molecules on functionalized supports. We used a one-step immobilization 

method whereby the alumina platelet was functionalized with a highly reactive epoxysilane 

spacer molecule (Figure 6-1). Silane treatment was carried out under moderate conditions 

(60°C, no acid or base catalyst) to prevent premature epoxy ring opening. We confirmed 

the presence of the epoxy groups after silane deposition by FTIR (Figure 6-3). Extending 

the silane treatment time from 4 to 24 h created more robust siloxane networks, which in 

turn resulted in higher lipase uptake (Table 6-1 and Table 6-5). The greatest lipase uptake 

was obtained using TAN synthesized in 50 vol% ethanol in water solutions and silane 

functionalized for 24 h (16.7 + 0.2 mg cPPL/g TAN-50-24, 39.7 + 0.9 mg CRL/g TAN-50-24, 

and 3.1 + 0.2 mg CALB/g TAN-50-24) (Table 6-1, Table 6-2, and Figure 7-2). 

The specific activities of free and immobilized crude porcine pancreas and Candida rugosa 

were assessed by olive oil hydrolysis, where an emulsified olive oil mixture was hydrolyzed 

to form FFAs. The specific activity of cPPL increased by a factor of up to 5.5 times when the 

enzyme was immobilized on TAN compared to the free enzyme in solution (Table 6-3). 

cPPL is a crude mixture of various lipolytic and esterolytic enzymes, of which 

approximately 10% is lipase. Silylation with ETES increased the hydrophobicity of the 

enzyme support. During immobilization, lipase, a highly hydrophobic enzyme, was able to 

preferentially bond to the more hydrophobic surface of the enzyme support. Furthermore, 

the buffer solution used in this work induced and stabilized the “lid” opening mechanism in 

the immobilized PPL molecule. It is reported that the open conformation is stabilized by 

bile salts in vivo [393]; this environment can be simulated by using a buffer solution 
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containing ions with low polarizability, such as PBS [394]. Immobilized CRL retained up to 

66% specific activity compared to the free enzyme in solution (Table 6-4). The reduction in 

activity of CRL after immobilization is well reported in the literature [395–397], and has 

been attributed to multipoint attachment and attachment to the active site of the enzyme 

[396]. 

We explored the use of Candida antarctica lipase immobilized on TAN supports in the 

treatment of acidic oil. High acid oil is a low-cost feedstock for biodiesel synthesis. The oil 

must be pretreated to reduce the FFA content to <0.50 wt% so that it can be transesterified 

at an industrial scale via the conventional alkaline method. We compared our enzyme 

preparation to a commercially-available enzyme at equivalent catalyst loadings to 

determine their viability in this pretreatment process. Using catalyst loadings of 0.3 and 

0.03 wt% CALB, we determined that the commercial catalyst was unable to maintain the 

FFA content below the threshold level of 0.50 wt% FFA for an extended period of time 

(Figure 7-3 and Figure 7-7). Instead, triglyceride hydrolysis was promoted when water was 

absorbed by the catalyst support, resulting in the production of additional FFAs. Using 

catalyst loadings of 0.3 and 0.03 wt% CALB on TAN, we demonstrated that our prepared 

immobilized enzyme rapidly reduced the FFA content during the first 2 to 4 h of each run 

to below the threshold level of 0.50 wt% FFA (Figure 7-4 and Figure 7-8). The FFA level 

was maintained below the threshold level for the remainder of each of the TAN runs. The 

TAN runs showed high reproducibility with no observable reduction in immobilized 

catalyst activity. The determining factor in the usefulness of an enzyme support in acidic oil 

treatment was its ability to promote the FFA reduction reaction over TG hydrolysis. The 

ability of the TAN support to adsorb excess water, reduce accessibility of immobilized 
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enzyme to free water, and favour the FFA reduction over TG hydrolysis demonstrates its 

superiority as an enzyme support in the reduction of FFAs in acidic oils.  

In this work, we have demonstrated the benefits of TAN in filtration and biocatalytic 

applications. We have shown that TAN are highly porous, isotropically permeable, densely-

packed particles that retain their structure during flow, and that silane-functionalized TAN 

are excellent biocatalytic supports. Continuous flow reactors are difficult to operate using 

immobilized enzymes due to high pressure drops [437,438]; the supports we synthesized 

offer great potential in addressing this issue. In this work, we demonstrated the superiority 

of TAN as an enzyme support in batch reactors. In addition, TAN maintain high flux when 

filtering colloidal particles, and retain an open structure during flow. 

 

8.2 Conclusions 
The main objectives of this thesis were to develop new hierarchically-structured materials, 

optimize their synthesis technique and explore applications of these newly-developed 

materials. During our synthesis experiments, we concluded from the FTIR and XRD 

analyses that the as-prepared nanosheets were boehmite. From our results, we concluded 

that the availability of surfactant monomers controlled particle thickness. The rapid 

increase in the CMC as a function of ethanol content demonstrated the ethanol’s ability to 

reduce the dielectric constant of the solvent mixture and increase the solubility of the 

hydrophobic moiety of the surfactant. 

The first application that we explored was the use of our newly-developed material as a 

filtration aid. We developed mathematical models to estimate the packing density of the 

TAN. We concluded that the TAN-50 nanosheets allow for a higher packing density of 
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aggregates in a given container size. From our results, we concluded that the TAN-0 and 

TAN-25 DMs filtered via preferential channeling. Conversely, the TAN-50 particles were 

packed the most efficiently together with high porosity due to their low nanosheet volume. 

We concluded that the dominating filtration mechanisms during the TAN runs were pore 

constriction and intermediate blocking (Figure 5-5). No evidence of cake buildup was seen 

on the TAN filter aids (Figure 5-6c) during the 3 L run as compared to the DE filter aids. 

The TAN particles stacked similarly when they were settled under gravity or under flow. 

This allowed the precoat to retain its open and porous structure when subject to flow. It 

was concluded that the TAN precoat deposited in a more uniform way, eliminating 

preferential channeling through the cake layer and the body of the precoat. 

The second application that we explored was the use of our TAN as an enzyme support in 

heterogeneous catalysis for biodiesel pretreatment. We concluded that extending the silane 

treatment time from 4 to 24 h created more robust siloxane networks, which in turn 

resulted in higher lipase uptake. The silylation increased the hydrophobicity of the enzyme 

support. We concluded that the determining factor in the usefulness of an enzyme support 

in acidic oil treatment was its ability to promote the FFA reduction reaction over TG 

hydrolysis. 

The following is a summary of the conclusions of this work: 

1. A new hierarchically-structured material with high porosity and isoporous 

permeability was successfully and reproducibly synthesized.  

2. The TAN-50 prefilter was 300x more permeable than a “theoretical” DE prefilter of 

equivalent pore diameter. 
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3. ETES successfully immobilized Candida rugosa and Candida antarctica (CALB) on 

twinned alumina nanosheets. 

4. TAN-50-24 had the highest lipase retention and immobilized lipase specific activity 

of the compositions tested. 

5. The new catalyst supports show great potential in pretreating waste oils and algae 

feedstocks in the production of biodiesel. 

 

8.3 Recommendations 
Based on the results of this thesis, the following recommendations for ongoing research are 

proposed. 

1. Different synthesis mechanisms should be explored to reduce the total production 

costs of TAN.  

2. Methods for the large-scale production of TAN should be explored. 

3. A synthesis method to bond TAN to a backflushable support should be explored. 

This would allow the TAN filter aids to be physically cleaned and reused. 

4. The continuous production of biodiesel feedstock from acidic oil should be explored 

using lipase immobilized on TAN in packed bed reactors. We also recommend using 

real, used waste oils as biodiesel feedstocks. 

5. The use of lipase immobilized on TAN for other esterification reactions should be 

explored. Such applications include the production of flavouring compounds, scents, 

and food additives. 
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