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Abstract 

Ordered mesoporous silica (OMS) materials are a family of silica 

nanomaterials with pores ranging in size from 2 to 50 nm which are 

arranged periodically within the silica matrix. They have expanding 

applications in various fields of research, such as drug delivery, 

adsorption, separation and catalysis. COK-12 is an OMS produced 

by the soft-templating method, using the block copolymer P123 as a 

structure-directing agent. The synthesis takes place at room 

temperature under mild reaction conditions. In comparison with the 

most widely known OMS, the synthesis of COK-12 is more time 

efficient, inexpensive and environmentally friendly, yielding a 

material analogous to the well-known SBA-15.  

This thesis encompasses investigations regarding the 

production of the ordered mesoporous silica material (OMS) known 

as COK-12, in terms of upscaling of the synthesis and tailoring of 

the size and shape of its characteristic hexagonal pore structure. 

Batch upscaling of the synthesis yielded a material with nearly 

identical properties to that of the original COK-12.  Upscaling of 

the COK-12 synthesis was also studied in continuous mode. The 

installation and operation of a continuous COK-12 production unit 

was carried out with the aim to determine the possibility of large-

scale production of COK-12 with consistent material properties. 

COK-12 was produced in continuous mode by varying the time of 

aging of the COK-12 slurry and the flow rate of the feed streams, 

yielding materials with properties nearly identical to those of the 

original COK-12. 

COK-12 was used as a support for the Na2WO4-Mn/SiO2 

catalyst for the oxidative coupling of methane reaction in various 

forms (powder, granular produced by pressing and monolithic), 

showing promising results comparable to the enhanced activity of 

the catalyst supported on the SBA-15. The advantage of using 

COK-12 over other OMS materials is that the facile nature of 

COK-12 synthesis makes it a viable candidate for industrial 
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production of the Na2WO4-Mn/SiO2 catalyst, if paired with 

appropriate pelletizing and preparation method. 

The introduction of hexane and polypropylene glycol 

(PPG) as micellar swelling agents into the original COK-12 

synthesis was studied in order to tailor the mesoporous structure of 

the system. Hexane was used as a micelle expander and as an agent 

to produce silica mesocellular foams, with “ink-bottle” shaped pores 

with a larger diameter than that of the original COK-12. By adding 

PPG into the synthesis, the shift of the mesostructure of COK-12 

from 2D hexagonal to a multilamellar vesicular configuration was 

studied, resulting in the progressive formation of this type of 

material with increasing concentration of PPG.  

The flexibility of the COK-12 synthesis in terms of 

upscaling and tailoring of the mesostructure was examined 

throughout this work, with an aim to contribute to the existing and 

expanding knowledge regarding more versatile, sustainable and 

possibly industrial OMS production. 
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Kurzfassung 

Ordered Mesoporous Silica (OMS) gehört zu der Familie der Silica-

Nanomaterialien mit periodisch angeordneten Mesoporen im 

Größenbereich zwischen 2 und 50 nm. Diese werden zunehmend in 

unterschiedlichen Forschungsfeldern wie Medikamentenfreisetzung, 

Adsorption, Separation und Katalyse eingesetzt. COK-12 ist ein 

OMS, das über eine Soft-Templating-Methode unter Nutzung des 

Blockcopolymers P123 als strukturbestimmenden Zusatz erzeugt 

wird. Die Synthese erfolgt bei Raumtemperatur unter milden 

Reaktionsbedingungen. Im Vergleich zu den am weitesten 

bekannten OMS-Materialien ist die Synthese von COK-12 

zeiteffizient, günstig und umweltfreundlich. Dabei wird ein OMS-

Material analog zu dem bereits etablierten SBA-15 erzeugt. 

Die vorliegende Dissertation umfasst die Synthese eines als 

COK-12 bekannten OMS-Materials, dem Scale-Up der Synthese 

sowie die Anpassung und Modifizierung der ursprünglich 

hexagonal-angeordneten Mesoporen bezüglich Porengrößen und 

Porenform. Das diskontinuierliche Scale-Up im Batchprozess führt 

zu nahezu identischen Materialeigenschaften im Vergleich zu dem 

ursprünglichen COK-12. Ein Scale-Up der COK-12-Synthese 

wurde zusätzlich im kontinuierlichen Prozess erprobt. Dessen 

Installation und Operation wurde mit dem Ziel durchgeführt, um 

die Möglichkeit einer Produktion von großen Mengen an COK-12 

mit einheitlichen Materialeigenschaften zu validieren. Durch eine 

Variation der Alterungszeit als auch der Fließrate der Lösungen 

konnte COK-12 im kontinuierlichen Prozess mit nahezu 

identischen Eigenschaften wie das ursprüngliche COK-12 erzeugt 

werden. 

COK-12 wurde erfolgreich in verschiedenen Formen 

(Pulver, Pressgranulate und Monolithe) als Trägermaterial für 

Na2WO4-Mn/SiO2-Katalysatoren für die Oxidative Kopplung von 

Methan eingesetzt. Die resultierenden Aktivitäten ist  sind 

vergleichbar mit denen des auf SBA-15-geträgerten Katalysators Der 
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Vorteil der Nutzung von COK-12 im Vergleich zu anderen OMS-

Materialien liegt in der vergleichsweise simplen COK-12-Synthese, 

weshalb es ein interessanter Kandidat für eine mögliche industrielle 

Produktion des Na2WO4-Mn/SiO2-Katalysators ist, wenn  wenn 

geeignete Pelletierungs- und Herstellungsmethoden angewendet 

werden.  

Die Zugabe von Hexan und Polypropylenglykol (PPG) zur 

Aufweitung der Mizellen in der ursprünglichen COK-12-Synthese 

wurde untersucht, um die mesoporöse Struktur des Systems zu 

variieren. Hexan wurde eingesetzt zur Aufweitung der Mizellen und 

als Hilfsmittel zur Produktion mesozellulärer Silica-Schäume mit 

„ink-bottle“-förmigen Poren sowie vergrößertem Porendurchmesser 

im Vergleich zu denen des ursprünglichen COK-12. Durch die 

Zugabe von PPG in die Synthese verändert sich die 

Mesoporenstruktur der ursprünglichen hexagonalen 2D-Struktur zu 

einer multilamellaren vesikulären Anordnung, die mit zunehmender 

PPG-Konzentration verstärkt wird. 

Die Flexibilität der COK-12-Synthese wurde in dieser 

Arbeit in Bezug auf ein Scale-Up und eine Porenmodifikation 

weitreichend untersucht, mit dem Ziel das existierende Wissen in 

Bezug auf eine vielseitige, nachhaltige sowie eine potentielle 

Industrieproduktion der COK-12-Synthese zu  entwickeln. 

 

  



 

xiii 
 

Table of  contents 

Acknowledgments vii 

Abstract ix 

Kurzfassung xi 

Introduction xvii 

1  Literature review 1 

1.1  General considerations on porous solids 1 

1.2  Ordered mesoporous silica materials 2 

1.3  Synthesis of ordered mesoporous silica 6 

1.3.1  Synthesis mechanism and pathway 6 

1.3.1.1 
Processes involved in ordered mesoporous silica 

synthesis 
8 

1.3.2  
Self-assembly of block copolymers used as structure-

directing agents 
11 

1.3.2.1 The packing parameter 14 

1.3.2.2 The hydrophilic/hydrophobic volume ratio 15 

1.3.3  Pore size control: micellar swelling agents 16 

1.3.3.1 Silica mesocellular foam 18 

1.3.4  Pore shape control: tailoring the mesostructure 21 

1.3.4.1 Multilamellar vesicular silica 22 

1.3.5  Synthesis of COK-12 23 

1.3.6  
Upscaling and continuous synthesis of ordered 

mesoporous silica 
25 

1.4  Ordered mesoporous silica as a catalyst support 26 

1.4.1  
Ordered mesoporous silica as a catalyst support: 

advantages and drawbacks 
26 



 

xiv 
 

1.4.2  Oxidative coupling of methane 27 

1.4.2.1 
Na2WO4-Mn/SiO2 catalyst for the oxidative coupling 

of methane 
30 

1.4.2.2 Na2WO4-Mn/SiO2 catalyst supported on SBA-15 31 

1.5  Summary and open questions 32 

2  Characterization methods 34 

2.1  Small-angle X-ray diffraction 35 

2.2  Nitrogen sorption 37 

2.3  Scanning electron microscopy 43 

2.4  Transmission electron microscopy 43 

2.5  Powder X-ray diffraction 44 

2.6  
Inductively coupled plasma – optical emission 

spectroscopy 
44 

2.7  Gas pycnometry 45 

2.8  Energy-dispersive X-ray spectroscopy 46 

3  Batch synthesis of COK-12 47 

3.1  Experimental 48 

3.1.1  Reference material synthesis: powder COK-12 48 

3.1.2  Monolithic COK-12 synthesis 49 

3.1.3  
Upscaling of powder and monolithic COK-12 

synthesis 
50 

3.1.4  Catalyst preparation and performance studies 50 

3.1.4.1 Catalyst support preparation 50 

3.1.4.2 Catalyst preparation 51 

3.1.4.3 Catalytic performance tests 52 

3.2  Mesostructure and porosity of powder COK-12 53 



 

xv 
 

3.2.1  
Mesostructure and porosity of powder COK-12: 

single batch synthesis 
53 

3.2.2  
Mesostructure and porosity of powder COK-12: 

upscaled batch synthesis 
60 

3.3  Mesostructure and porosity of monolithic COK-12 65 

3.4  
COK-12 as a catalyst support for the oxidative 

coupling of methane 
74 

3.4.1  Catalyst composition and structure 75 

3.4.1.1 Catalyst structure before OCM 75 

3.4.1.2 Catalyst structure after OCM 85 

3.4.2  
Catalyst performance in the oxidative coupling of 

methane 
89 

3.4.2.1 Catalytic performance at standard OCM conditions 89 

3.4.2.2 Catalytic performance at lower reaction temperature 92 

3.4.2.3 Catalyst stability after prolonged time on stream 93 

3.5  Conclusions and outlook 95 

4  Tailoring the mesostructure of COK-12 97 

4.1  Materials synthesis 98 

4.2  
Hexane as a swelling agent: synthesis of a silica 

mesocellular foam 
100 

4.3  
Polypropylene glycol as a swelling agent: synthesis of 

multilamellar vesicular silica 
110 

4.4  Conclusions and outlook 120 

5  Continuous synthesis of COK-12 122 

5.1  Conceptual and basic process design and installation 123 

5.2  Continuous production: materials synthesis 126 

5.2.1  Variation of the aging time 127 

5.2.2  Variation of the feed stream flow rate 128 



 

xvi 
 

5.3  Influence of variation of operation parameters 131 

5.3.1  
Influence of the variation of the aging time on COK-

12 mesostructure 
132 

5.3.2  
Influence of the variation of the flow rate on COK-12 

mesostructure 
138 

5.4  Conclusions and outlook 142 

6  Conclusions and outlook 144 

7  References 148 

Symbols and abbreviations 165 

List of figures 167 

List of tables 178 

 



 

xvii 
 

Introduction  

Ordered mesoporous silica materials (OMS) have been in 

development since their discovery in the early 1990s. These 

materials exhibit unique properties, specifically large surface areas 

and well-defined ordered pores of controlled size, usually ranging 

from 2 to 20 nm, that are the result of templating with organic 

molecules. Given their particular properties, OMS materials have 

found application in fields such as catalysis, separation, adsorption, 

chromatography and drug delivery, among others. Part of the 

ongoing research is aimed at improving the sustainability of the 

synthesis of these materials. Furthermore, studies regarding the 

tailoring of these materials to yield distinct mesostructures have 

demonstrated numerous possibilities of unique OMS materials 

production. 

The novel OMS denoted as COK-12, discovered in 2011, is 

an excellent candidate for OMS materials research. This material has 

properties analogous to the well-known SBA-15, exhibiting a 

mesostructure consisting of cylindrical pores 5 to 6 nm in size, 

arranged in a 2-dimensional hexagonal stacking. Similar to SBA-15, 

COK-12 is templated with the triblock copolymer P123. However, 

in contrast to SBA-15 the synthesis of COK-12 is carried out at 

room temperature and quasi neutral pH using an inexpensive silica 

precursor, affording a much more environmentally friendly and 

cost-effective synthesis. Furthermore, the almost immediate 

formation of the material, in contrast to SBA-15 which requires 

prolonged hydrothermal treatment, allows for potential continuous 

production. 

The work presented here is based on the synthesis of COK-

12, in terms of upscaling of the synthesis and tailoring of the 

material mesostructure. Given the myriad of applications of OMS, 

studies regarding large-scale production can pave the way for future 

industrial use of these materials. In this work, upscaling was studied 

in batch and continuous mode. Moreover, the flexibility of the 
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COK-12 synthesis to yield materials with a different mesostructure 

was studied by incorporation of micellar swelling agents into the 

synthesis. In this context, two new COK-12 mesophases were 

identified, namely mesocellular foam and multilamellar vesicular 

silica. These two phases exhibit enlarged pores which further 

broaden the spectrum of application of COK-12. Furthermore, 

investigations regarding the use of COK-12 as a catalyst support for 

the oxidative coupling of methane are presented, using COK-12 in 

powder and granular form. The latter is produced either by direct 

synthesis of monolithic COK-12 or by pressing of powder COK-12. 

The first part of this thesis deals with the synthesis and 

batch upscaling of COK-12 (Chapter 3). Large-scale production of 

OMS is largely uninvestigated, given the harsh synthesis conditions 

typically required. To date there are only a few reports on the large-

scale production of OMS, resulting in the synthesis of less than 30 g 

per batch. Large-scale production of OMS materials is convenient 

for experimental work that requires a large amount of OMS with 

consistent properties, as well as for potential commercial 

application. Additionally, the use of COK-12 as a support for the 

Na2WO4-Mn/SiO2 catalyst for the oxidative coupling of methane 

(OCM) is studied. Recently, the use of the analogous SBA-15 as a 

support for the Na2WO4-Mn/SiO2 catalyst for OCM resulted in an 

exceptional performance in comparison to other silica supports. 

 In this context, the first goal of this work is to synthesize 

and characterize powder COK-12, and subsequently upscale the 

synthesis to produce larger quantities of the same material while 

maintaining its characteristic mesostructure. The acidification of the 

COK-12 synthesis with the aim to produce granules in a size range 

suitable for use as a catalyst support in potential industrial 

applications is studied, as well as the upscaling of this monolithic 

synthesis approach. Both powder and monolithic COK-12 materials 

are used as catalyst supports for the Na2WO4-Mn/SiO2 catalyst and 

their activity in the OCM reaction are determined. 

 The second part of this thesis encompasses tailoring the 

COK-12 mesostructure by incorporation of micellar swelling agents 
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(Chapter 4). One of the most versatile characteristics of OMS 

synthesis has to do with the ability to tailor the mesostructure with 

the use of selected organic templating agents that form micellar 

superstructures, which in turn can be tailored by the use of micellar 

swelling agents. Depending on the templating agent selected for 

OMS synthesis, micellar swelling agents that solubilize within the 

micelle cores can be used to expand the size of the micelles, 

resulting in materials with larger pores and different pore shapes. 

This versatility further expands the potential application of OMS 

materials. 

 Under this framework, the second goal of this work is to 

study the effect of the use of micellar swelling agents in the COK-

12 synthesis, namely hexane and polypropylene glycol (PPG). The 

main motivation behind the selection of these swelling agents is to 

produce pore enlargement. Interestingly, an increase in the pore size 

was not the only phenomenon observed, but also a mesophase 

change in COK-12. The use of hexane, which has been previously 

reported to produce materials with enlarged pores, resulted in the 

formation of mesocellular foam (MCF). The use of PPG produced a 

mesophase change from hexagonal to multilamellar vesicular 

(MLV).  

 The third part of this thesis comprises studies regarding 

the continuous production of COK-12 (Chapter 5). As was 

previously discussed, there is a lack of research regarding large-scale 

production of OMS materials. The continuous synthesis of COK-12 

has been previously demonstrated using perfusion pumps to feed 

the reagent streams and produce a quality material with consistent 

properties. 

 Therefore, the third goal of this work is to design, install 

and operate a continuous COK-12 production unit, with the aim to 

produce the largest quantities reported of any OMS. The materials 

produced will be characterized and compared to the original COK-

12 materials in order to demonstrate the possibility of large-scale 

continuous production. 
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This thesis is organized as follows: 

 

Chapter 1 includes a historical overview of OMS materials and 

typical synthesis methods, a summary of the methods available for 

tailoring the mesostructure of OMS materials, and a short look at 

the OCM reaction and the applicability of OMS materials as a 

catalyst support. 

Chapter 2 presents the characterization methods used throughout 

this work. 

Chapter 3 includes the synthesis and upscaling of powder and 

monolithic COK-12, and the application of COK-12 as a catalyst 

support for the Na2WO4-Mn/SiO2 catalyst in the OCM reaction. 

Chapter 4 describes the changes that occur in the mesostructure of 

COK-12 when micellar swelling agents are incorporated into the 

synthesis, namely hexane and PPG. 

Chapter 5 presents the basic design and operation of a continuous 

COK-12 production unit, along with experiments regarding 

variations in the time of aging of the COK-12 slurry and the flow 

rate of the feed streams, to determine the optimal conditions to 

produce a material with properties as close to the original COK-12 

material as possible. 

Chapter 6 summarizes the main results of this study and highlights 

future perspectives for this work. 
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1 Literature review 

1 Literature review 

1.1 General considerations on porous solids 

Most solid materials are porous to some extent. A porous solid is a 

solid that contains cavities, channels or interstices which are deeper 

than they are wide. These cavities, or pores, are classified as 

described in Table 1.11. 

Table 1.1 Classification of pores according to the IUPAC. 

Classification 
according to 

Type of pore Description 

Size 

Microporous < 2 nm 

Mesoporous 2-50 nm 

Macroporous > 50 nm 

Availability to an 
external fluid 

Closed pores Completely isolated pores (Figure 1.1 a) 

Open pores 
Continuous channel of  

communication with external surface  
(Figure 1.1 b, c, d, e, f) 

Blind pores Open on one end (Figure 1.1 b, f) 

Through pores Open on two ends (Figure 1.1 e) 

Shape 

Cylindrical 
Either open (Figure 1.1 c)  

or blind (Figure 1.1 f) 

Ink-bottle Figure 1.1 b 

Funnel-shaped Figure 1.1 d 

Slit-shaped Figure 1.1 c 
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1.2 Ordered mesoporous silica materials 

 

 

Figure 1.1 I l lustrat ive cross-section of a porous solid 1 .  For detai ls 
see Table 1.1.  

1.2 Ordered mesoporous silica materials 

Ordered mesoporous silica (OMS) materials are a family of silica 

nanomaterials with pores ranging in size from 2 to 50 nm and 

amorphous silica walls. Uniform OMS pores periodically aligned in 

2- or 3-dimensional structures. OMS are generally prepared via soft-

templating with surfactants that self-assemble into micelles, around 

which silica condenses. Upon removal of the templating surfactant, 

a hydrothermally stable silica material with a highly-ordered pore 

structure that mimics the micellar arrangement is obtained (Table 

1.2).  

Since the initial development of ordered mesoporous 

materials in the early 1990s, OMS has gained widespread attention 

in various fields of research. With applications in areas such as drug 

delivery2, electrochemistry3, sensing4, bioadsorption5, separation6 

and catalysis7–12, OMS research has boomed in the past 20 years, 

resulting in a huge expansion of knowledge and skills in the field. 

  Inspired by the promising catalytic and adsorptive capacity 

of zeolites, as well as their limitations due to the dimension of their 

pores, research concerning the synthesis of silica materials with an 
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1 Literature review 

ordered uniform pore structure in a higher pore size range led to the 

discovery of the revolutionary M41S type materials by Mobil 

scientists13. These silica materials were the first to exhibit a uniform 

array of pores. However, evidence of synthesis of OMS dates as far 

back as 1969, when Chiola, et. al. patented a material then known as 

“low-bulk density silica”14. The porous network of this material was 

not specified due to the lack of detailed characterization, but more 

recent attempts to reproduce this synthesis suggested that it is an 

OMS similar to those of the M41S family of materials15. 

In 1990, Yanagisawa, et. al. reported the use of cationic 

surfactants to produce alkyltrimethylammonium-kanemite 

complexes and their conversion to “microporous materials”, when 

in fact they had effectively produced a silica material with uniform 

mesoporosity templated by a surfactant, but failed to recognize it as 

such16. 

The discovery of MCM-41 by Mobil scientists came two 

years later and is widely known as the beginning of studies on the 

template effect of micelles17. The most important findings of this 

work were, on one hand, the high degree of order that could be 

achieved in the array of pores, and on the other hand, the 

identification of the critical connection between the porous nature 

of the material and the nature of the surfactant used as a templating 

agent. 

Since this discovery, the use of the so-called “soft-

templating method” has been widely applied for ordered 

mesoporous materials synthesis. A key breakthrough occurred in 

1998 with the discovery of SBA-15 by Zhao, et. al. SBA-15 is a 

combined micro- and mesoporous material synthesized under acidic 

conditions and templated with the commercially available 

amphiphilic non-ionic triblock copolymer P123, resulting in a 

material with hexagonally ordered uniform mesopores that can be 

tuned in size from 4 to 14 nm18. The thick microporous silica walls 

of this material are responsible for the high thermal stability that this 

material exhibits in comparison to its M41S analog, MCM-41. The 

use of a block copolymer as a soft-templating agent opened a 
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1.2 Ordered mesoporous silica materials 

myriad of possibilities in OMS research, given that the properties of 

block copolymers can be tuned by manipulating their composition, 

molecular weight, or architecture. 

In 2003, Ryoo, et. al. reported the synthesis of KIT-6, a 

large-pore OMS with a cubic pore structure analogous to MCM-48 

of the M41S type materials, by using butanol to tailor the 

mesostructure of the templating agent P12319. The addition of 

butanol to the material synthesis led to the formation of micellar 

aggregates with a decreased curvature, which in turn produced an 

evolution from a hexagonal pore structure to a cubic mesophase. 

This was the first demonstration of this phenomenon for non-ionic 

triblock copolymer OMS synthesis.  

More recently, Jammaer, et. al. have established the 

synthesis of the SBA-15 analog denoted as COK-1220. Templating 

of COK-12 is achieved by using P123 as the structure-directing 

agent, and the synthesis is quick, takes place at room temperature 

and quasi-neutral conditions. The synthesis of COK-12 is more 

environmentally friendly than that of its analogs, paving the way for 

possible mass production of this type of OMS. 

Table 1.2 Ordered mesoporous silica materials, mesostructure and surfactant 
used21. 

OMS 
label 

Origin of 
label 

Surfactant used Mesostructure 
Synthesis 
conditions 

MCM-41 
Mobil 

Composition 
of Matter 

Alkyltrimethyl 
ammonium 

CnH2n+1N+(CH3)3X- 
(with n = 12, 14, 16, 
18 and X = Cl or Br) 

Hexagonal 
p6m 

2-dimensional 
Basic 

MCM-48 
Mobil 

Composition 
of Matter 

Alkyltrimethyl 
ammonium 

CnH2n+1N+(CH3)3X- 
(with n = 12, 14, 16, 
18 and X = X or Br) 

Cubic 
(bicontinuous 

gyroid) 
Ia3d 

3-dimensional 

Basic 
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1 Literature review 

OMS 
label 

Origin of 
label 

Surfactant used Mesostructure 
Synthesis 
conditions 

FSM-16 
Folder Sheet 
Mesoporous 

Alkyltrimethyl 
ammonium 

CnH2n+1N+(CH3)3X- 
(with n = 12, 14, 16 
or 18 and X = X or 

Br) 

Hexagonal 
p6m 

2-dimensional 
Basic 

HMS 
Hexagonal 

Mesoporous 
Silica 

Non-ionic amine 
surfactant 

CnH2n+1NH2 

Wormhole 
framework 
structure 

Neutral 

SBA-15 
Santa 

Barbara 
Amorphous 

Pluronics P123 
Hexagonal 

p6m 
2-dimensional 

Acidic 

SBA-16 
Santa 

Barbara 
Amorphous 

Pluronics F127 

Body-centered 
cubic 
Im3m 

3-dimensional 

Acidic 

KIT-6 

Korea 
Advanced 
Institute of 
Science and 
Technology 

Pluronics P123 

Cubic 
(bicontinuous 

gyroid) 
Ia3d 

3-dimensional 

Acidic 

FDU-12 
FuDan 

University 

Non-ionic triblock 
copolymer B50-

6600, Dow 
Chemicals 

Face-centered 
cubic 
Fm3m 

3-dimensional 

Basic 

COK-12 

Centrum 
voor Opper-
vlaktechemie 
& Katalyse 

Pluronics P123 
Hexagonal 

p6m 
2-dimensional 

Quasi-
neutral, 
room T 
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1.3 Synthesis of ordered mesoporous silica 

1.3.1  Synthesis mechanism and pathway 

The synthesis of OMS is based on the co-assembly of silica and 

surfactant molecules, and is referred to as soft-templating (as opposed 

to hard-templating, in which the structure-directing agent is a 

structured solid). Different mechanisms have been proposed for the 

soft-templating of OMS: in the true liquid crystal templating 

mechanism, a high concentration of the templating surfactant leads 

to the formation of mesophases prior to the addition of silica, while 

in the cooperative self-assembly mechanism, the process of self-assembly 

occurs even at low surfactant concentrations guided by the 

interactions between surfactant and silica22. The cooperative self-

assembly mechanism has been widely accepted. 

 

 

Figure 1.2 True l iquid crystal  templat ing mechanism (a) and the 
cooperative self -assembly mechanism (b). In the true l iquid 

templat ing mechanism, the formation of a mesophase occurs pr ior to 
the addition of si l ica due to a high concentrat ion of the templat ing 

molecule. In cooperative self -assembly, the si l ica-surfactant 
interact ions guide self -assembly even at low surfactant 

concentrat ions.  

Cooperative self-assembly mechanism 

The cooperative self-assembly mechanism was first introduced by 

Chmelka et. al., concerning the use of cationic surfactants templates. 
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It proposes that anionic silicate oligomers interact with the 

positively charged heads of the surfactant molecules, driven by 

Coulomb forces. Silicate oligomers bind to the surfactant molecules, 

causing the interface to quickly become populated by tightly held 

silicate oligomers which consequently polymerize further. 

Polymerization of silicate is favored in the interface because (i) the 

silicate concentration is high and (ii) the negative charges of the 

silicate oligomers are partially screened by the surfactant. The 

reaction proceeds until the lowest interface energy is achieved, 

resulting in the final 3D mesophase. The assembly process is 

governed by the matching of the charge density at the interface22. 

This mechanism can be interpolated to many systems that have 

since then been studied – the driving forces are covalent bonding (in 

the case of surfactants which contain silicate species) or hydrogen 

bonding (when non-ionic surfactants are used), for example. Table 

1.3 lists the main synthesis routes of OMS, along with the 

interactions that govern the synthesis process.  

Table 1.3 Main synthesis routes for  mesoporous materials with corresponding 
surfactants and main products24. 

Route Interactions Symbols Remark Typical products 

S+I- 
Electrostatic 
Coulomb 
force 

S+: cationic 
surfactants 
I-: anionic silicate 
species 

Under 
basic 
media 

MCM-41, MCM-48, 
MCM-50, SBA-6, 
SBA-8, FDU-11, 
FDU-13, etc. 

S-I+ 
Electrostatic 
Coulomb 
force 

S-: anionic 
surfactants 

I+: transition metal 
ions 

Under 
aqueous 

condition 

Mesoporous 
alumina 

S+X-I+ 

Electrostatic 
Coulomb 
force, double 
layer H bond 

S+: cationic 
surfactants 

X-: Cl-, Br-, I-, 
SO4

2-, NO3
- 

I+: silicate species 

Under 
acidic 
media 

SBA-1, SBA-2, 
SBA-3 
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Route Interactions Symbols Remark Typical products 

S-N+-I- 
Electrostatic 
Coulomb 
force 

S-: anionic 
surfactants (lab-
made) 

N+: cationic amino 
group of TMAPS 
or APS 

I-: anionic silicate 
species 

Under 
basic 

condition 
AMS-n 

S-X+I- 

Electrostatic 
Coulomb 
force, double 
layer H bond 

S-: anionic 
phosphate 
surfactants 

X+: Na+, K+, Cr3+, 
etc. 

I-: transition metal 
ions 

Under 
basic 

condition 
W, Mo oxides 

S0I0 

(N0I0) 
H bond 

S0: non-ionic 
surfactants 

I0: silicate species 

N0: organic amines 

Under 
neutral 

condition 

HMS, MSU, 
disordered wormlike 
mesoporous silicates 

S0H+X-

I+ 

Electrostatic 
Coulomb 
force, double 
layer H bond 

S0: non-ionic 
surfactants  

X-: Cl-, Br-, I-, 
SO4

2-, NO3
- 

I+: silicate species 

Under 
acidic 

condition 
pH <2 

SBA-11, SBA-12, 
SBA-15, SBA-16, 
FDU-1, FDU-5, 
FDU-12, KIT-5, 
KIT-6 

S+-I- 
Covalent 
bond 

S+: cationic 
surfactants 
containing silicates 

I-: silicate species 

Under 
basic 

condition 
Mesoporous silica 

1.3.1.1 Processes involved in ordered mesoporous silica 

synthesis 

Various processes have been established for the synthesis of OMS, 

such as hydrothermal synthesis, non-aqueous process and aqueous 

process (also referred to as precipitation synthesis). The synthesis 

protocol used throughout this work corresponds to the precipitation 
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synthesis, which involves five steps: (1) reaction (usually in the liquid 

phase), (2) solid recovery, (3) washing, (4) drying and (5) template 

removal21. 

Reaction 

The reaction step consists of two sub-steps: reaction and aging or 

maturation. In the reaction step, reactants are mixed, left to react, 

and the solid phase precipitates. Depending on the parameters of 

the synthesis, precipitation can be faster or slower. For syntheses 

that adopt sodium silicate as the silica precursor, the precipitation 

time tends to be short and therefore condensation is difficult to 

control. The opposite is true for syntheses using alkoxysilanes as 

silica precursors – condensation is easier to control because 

precipitation time is longer. Stirring is often required during this 

stage, for reactant mixing, and in some cases, for morphological 

control of the final OMS particles25. Mixing is usually a crucial 

parameter in OMS synthesis, resulting in difficulty to upscale the 

process.  

After the formation of the solid, an aging step is often 

implemented, to consolidate the silica walls by increasing the degree 

of condensation. This step usually takes place under static 

conditions and at high temperatures. In the cases in which non-ionic 

surfactants are used as templating agents, the aggregation of the 

block copolymers depends mainly on the temperature – high 

temperatures (up to 150°C) and long aging times (up to 48 h) are 

usually required to obtain a quality material. 

Solid recovery 

Filtering is usually used to separate the solid organic-inorganic 

hybrid from the solvent, specifically vacuum filtration. This step, 

although not frequently studied, is important if the synthesis is 

intended to be produced on a scale larger that laboratory scale. 
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Washing 

Washing of the recovered solid is necessary to remove by-products 

and other unwanted components. The effect of washing on the 

resulting material has been seldom studied. Two things should be 

considered: (i) the washing method can have an effect on the final 

material properties26 and (ii) the washing step can aid in the removal 

of the templating agent, which would reduce the amount of energy 

required for the final step of the synthesis process. 

Drying 

This step in the OMS synthesis process is highly important, given 

that depending on the initial reaction conditions, changes in the 

mesophase can occur. The drying step takes place at moderately 

high temperatures (50-80°C) and is considered as a supplementary 

reaction step, in which structural and textural changes can take 

place. Transformations that occur during the drying step depend on 

the flexibility of the silica network. It has been reported that a short 

reaction time can lead to a flexible silica network, which upon 

drying can lose ordering of the porous structure. For these reasons, 

the reaction time and the drying temperature should be adjusted to 

control the structural and textural properties of the final material. 

Template removal 

The removal of the organic template for the inorganic framework 

results in the final mesoporous material. The most common 

methods of template removal are calcination and chemical 

extraction. 

 Calcination temperature is chosen based on the molecule 

used as a template. Higher temperatures guarantee that the template 

will be fully removed, but can have an impact on the textural 

properties of the material because shrinkage can occur. This can be 

avoided by using longer calcination times as opposed to higher 
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temperatures. Additionally, the calcination atmosphere can be 

adjusted in order to control the final chemical composition of the 

surface of the OMS. Calcination is the most efficient way to remove 

the template, but is ultimately a wasteful process because the 

template is destroyed and has no possibility of being reused. 

 This can be avoided by removing the template via chemical 

extraction, which is performed in liquid and requires additional 

synthesis steps of washing, solid recovery and drying. This method 

is highly efficient for the removal of the template, but requires 

several extraction runs. The advantage of this method is that the 

template can be recovered and reused. However, large quantities of 

solvent are usually necessary and the time scale is considerably 

increased when this method of template removal is applied. 

New methods of template removal have been recently 

studied and include shorter-time calcination, microwave digestion of 

the template and ultrasonic template removal, amongst others21. 

1.3.2 Self-assembly of block copolymers used as 

structure-directing agents 

The porous structure of OMS is obtained by templating with a 

surfactant that functions as a structure-directing agent, also known 

as templating agents. In this section, the structure-directing agents 

typically used in OMS synthesis are reviewed, with an emphasis on 

the non-ionic amphiphilic triblock copolymer commercially known 

as P123, which is the templating agent used throughout this work. 

Surfactants are amphiphilic compounds, meaning they 

contain a hydrophilic or polar group, and a hydrophobic or non-

polar group in their structure. Given their nature, in solution they 

can self-assemble into discrete aggregates called micelles at the 

critical micelle concentration (CMC). At concentrations higher than 

the CMC, further aggregation leads to the formation of spherical or 

cylindrical micelles, and at even higher concentrations, they form 
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thermodynamically stable 2D or 3D ordered mesostructures with 

long-range order.  

The resulting mesophase depends not only on surfactant 

concentration, but also on the OMS synthesis conditions: 

incorporation of additives and variations in temperature and pH 

produce different mesophases. Properties such as the length of the 

hydrophobic groups and the hydrophobic/hydrophilic volume ratio 

also play a role in the final mesostructure of the material. This 

flexibility and versatility allows for many possibilities regarding the 

design and engineering of the porous structure of OMS23. More 

details on micellar self-assembly and mesostructure tailoring is 

found in section 1.3.2. 

To illustrate the variety of mesophases that can be obtained 

via templating OMS with different surfactants, a summary of well-

known OMS materials and their final structure is shown in Table 

1.2. 

Surfactants used for OMS synthesis are generally classified 

according to the nature of the interaction between their polar group 

and the silica precursor used for synthesis. Anionic surfactant heads 

carry a net positive charge, as opposed to cationic surfactants which 

have a net negative charge. Non-ionic surfactants have no net 

charge. It’s important to point out that non-ionic surfactants, 

especially block copolymers based on polyethylene oxide, are 

particularly attractive for use in OMS production because they are 

less expensive than ionic surfactants, and more importantly, are 

non-toxic and biodegradable24.  

Block copolymers consist of blocks of one of 

homopolymer attached sequentially to blocks of a different 

homopolymer. The different chemical nature of the homopolymers 

- one is hydrophilic and the other is hydrophobic – result in an 

amphiphilic macromolecule. This allows block copolymers to self-

assemble into a number or ordered mesostructures, driven by long-

range repulsive (chemical incompatibility of the blocks) and short 

range attractive (covalent bond of the blocks) forces23.  
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Figure 1.3 Schematic of various block copolymer architectures . Red 
and blue blocks represent the hydrophobic and hydrophi l ic blocks.  

Since their first use by Zhao et. al., commercial amphiphilic 

block copolymers gained much attention as structure-directing 

agents for large-pore OMS preparation. In particular, the use of the 

commercial Pluronic® family of surfactants paved the way for 

ample research concerning design and tailoring of the mesostructure 

of OMS. These surfactants, generally known as Poloxamers, are 

non-ionic triblock copolymers composed of a central hydrophobic 

chain of poly (propylene oxide) (PPO) flanked by two hydrophilic 

chains of poly (ethylene oxide) (PEO)28. 

 

 

Figure 1.4 General structure of Poloxamers.  A hydrophobic 
polypropylene oxide (PPO) block (center) is flanked by two 

hydrophil ic polyethylene oxide (PEO) blocks. Variat ions in the chain 
lengths of the PPO and PEO blocks give r ise to different 

mesostructures upon self -assembly.  
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For Pluronics, the name of the copolymer reflects its 

properties. The first character in the name is a letter, and it defines 

its physical form at room temperature (L for liquid, P for paste and 

F for flake). The letter is followed by two or three digits. The first 

digit (or the first 2 digits, in a 3-digit number), multiplied by 300, 

indicates the approximate molecular weight of the PPO block. The 

last digit multiplied by 10 indicates the weight percentage of PEO 

block. Following this, P123 is a paste with a PPO molecular weight 

of 3600 Da and 30 % wt PEO. Its chemical formula is 

H(OC2H4)20(OC3H6)70(OC2H4)20OH. 

P123 can self-assemble at interfaces and in solution, and in 

OMS synthesis can self-assemble in a cooperative manner with the 

silica precursor required for synthesis. More details on this can be 

seen in section 1.3.5. 

One of the main advantages of soft templating of 

mesoporous materials is that the mesopore structure, shape and size 

can be adjusted in various ways: by controlling the synthesis 

conditions (temperature, pH, etc.), by manipulating the properties of 

the structure-directing agent (such as hydrophobic/hydrophilic 

ratio, hydrophobic chain length, or by incorporation of micellar 

swelling agents), by using mixed surfactants, amongst others. This 

work encompasses the use of micellar swelling agents in the 

synthesis of COK-12 to increase the size of the pores and generate 

new mesophases. 

1.3.2.1 The packing parameter 

As was briefly mentioned in section 1.3.2, self-assembly to ordered 

structures requires the simultaneous action of long-range repulsive 

and short-range attractive forces. In the case of block copolymers, 

the long-range repulsive force is the incompatibility (phase 

separation) of the hydrophilic and hydrophobic block, and the 

short-range attractive force is the covalent binding of the blocks. 
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The curvature of the interface can be described by the 

packing parameter g, which is given by29: 

 

𝑔 =
𝑣

𝑙
𝑥

1

𝑎
    (1) 

 

In which (for block copolymer micelles in aqueous solution): 

 

v: total volume of the hydrophobic chains plus any cosolvent 

(organic molecules) between the chains 

a: effective hydrophilic headgroup area at the aqueous/micelle 

surface 

l: kinetic hydrophobic tail length 

 

The most simple shapes are spheres (g = 1/3), cylinders (g = 1/2) 

and planar surfaces or bilayers (g = 1. The expected mesophase 

sequence as a function of g value is (i) close-packed cubic (Fm3m, 

Im3m, etc.) for g < 1/3, (ii) 2D hexagonal (p6m) for 1/3 < g < 1/2, 

(iii) loose-packed cubic (Ia3d) for 1/2 < g < 1 and (iv) lamellar for g 

= 124. 

1.3.2.2 The hydrophilic/hydrophobic volume ratio 

For nonionic structure-directing agents, the 

hydrophilic/hydrophobic volume ratio (VH/VL) is especially useful 

in describing the formation of different mesophases. Block 

copolymers with high VH/VL ratios can direct the synthesis of cage-

type cubic mesoporous materials, while block copolymers with 

medium VH/VL favor the formation of mesostructures with 

medium curvatures such as 2D hexagonal or 3D bicontinuous cubic 

structures24. 

 Micellization can be controlled in various ways. 

Incorporation of salts into aqueous solutions of block copolymer 

micelles effectively decrease the critical micellar concentration and 

critical micellar temperature, making it possible to produce ordered 
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superstructures even at low micellar concentrations (known as the 

“salting-out” effect). Addition of ionic surfactants to the block 

copolymer solution may lead to the formation of hybrid aggregates 

or hierarchical pores. Addition of organic species increases the 

hydrophobic volume, decreasing the high VH/VL ratio and therefore 

shifting the superstructure to more loose-packed structures (2D 

hexagonal to 3D bicontinuous, for example)24. The addition of 

organic species will be reviewed in more detail in sections 1.3.3 and 

1.3.4. 

1.3.3 Pore size control: micellar swelling agents 

As much as the need for larger pores for practical applications led to 

the search for ordered mesoporous materials when only zeolites 

were available, materials with even larger pores offer additional 

benefits for various applications.  

The pore size of OMS can be controlled by various 

methods, such as adjusting synthesis parameters (temperature, time, 

etc.)18,31–33, by selection of templating agents that yield larger 

pores17,34 or by incorporation of species that increase the 

dimensions of the micelles, namely micellar swelling agents35–38 (see 

Figure 1.5). 

Given that the size of the mesopores depends mainly on the 

size of the hydrophobic group of the templating agent40, an increase 

in the size of the PPO block of typical PEO-PPO-PEO surfactants 

used in OMS synthesis will yield a material with larger pores. By 

incorporating organic molecules that can solubilize inside the 

hydrophobic region of the micelles, it is possible to effectively 

increase their size, and thus, the size of the pores (Figure 1.5, 

bottom). The use of micellar swelling agents was proven to be 

effective in increasing the pore size; however accompanied by a 

transition to another mesostructure41 or a loss of ordering35. 

Synthesis at lower temperatures was effective in yielding ordered 

materials with larger pores42. Incorporation of inorganic salts 

allowed for lower temperature synthesis while also yielding ordered 
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materials37. More recently, mesocellular foams (MCF) with spherical 

pores connected by a window (also known as “ink-bottle” pores) 

have been synthesized using an inexpensive silica precursor via 

partitioned cooperative self-assembly43.  

Table 1.4 summarizes some of the most relevant 

mesoporous silica materials produced by incorporation of swelling 

agents. 

 

 

Figure 1.5 Adjustment of pore s ize of ordered mesoporous mater ials 
by adjusting the dimensions of the hydrophobic block through 
surfactant selection (top and middle) and by incorporat ion of 

micellar swel ling agents (bottom) 39 .  Reprinted with permission from 
M. Kruk: ‘Access to Ultralarge -Pore Ordered Mesoporous Materials 
through Selection of Surfactant/Swel ling -Agent Micellar Templates’ , 
Acc. Chem. Res . ,  2012, 45 (10) ,  1678-1687. Copyright 2012 American 

Chemical Society.  

Part of this work encompasses studies regarding the facile 

synthesis of a silica mesocellular foam (MCF) using hexane as a 

swelling agent and P123 as a templating agent, at room temperature 

and quasi-neutral synthesis conditions (see section 4.2). 
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Table 1.4 Mesoporous silica materials produced by incorporation of swelling agents 

Material 
Templating 

agent 
Swelling 

agent 
Mesostructure 

Pore size 
[nm] 

SBA-15-
based41 

P123 1,3,5-TMB 
Mesocellular foam 
(MCF), spherical 

“ink-bottle” pores 
32 

LP-FDU-1233 F127 1,3,5-TMB 
3D face-centered 
cubic, spherical 

pores 
27 

SBA-15-
based42 

P123 Hexane 
2D hexagonal, 

cylindrical pores 
15 

SBA-15-
based44 

P123 1,3,5-TIPB 
2D hexagonal, 

cylindrical pores 
26 

ULP-FDU-
1245 

F127 
Ethyl-

benzene 

3D face-centered 
cubic, spherical 

pores 
36 

SBA-15-
based46 

P123 1,3,5-TIPB 
2D hexagonal, 

cylindrical pores 
18 

LP-SBA-1547 F127 Toluene 
2D hexagonal, 

cylindrical pores 
20 

SBA-15-
based43 

P123 Hexane 
Mesocellular foam 
(MCF), spherical 

“ink-bottle” pores 
24 

1.3.3.1 Silica mesocellular foam 

Mesocellular foams (MCF) are composed of uniformly sized large 

spherical cells that are connected by uniform windows, creating an 

interconnected 3-D pore system (Figure 1.6). The synthesis of silica 

MCFs was first reported by Stucky, et. al. using P123 as a structure-

directing agent and 1,3,5-trimethylbenzene (TMB) as an organic 
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cosolvent, which acted as a micellar swelling agent41. The formation 

mechanism proposed in this study argues that adding TMB to the 

P123 solution produces uniform droplets of TMB/P123 in water, 

forming a microemulsion. The subsequently added silica source, in 

this case the commonly use tetraethyl orthosilicate (TEOS), 

hydrolyzes at the surface of the TMB/P123 droplets and then 

polymerizes, resulting in a composite material with interconnected 

spherical cells. The size of the cells corresponds to the size of the 

TMB/P123 droplets, and the windows between the cells form as a 

result of adjacent droplets coming into contact. 

 

Figure 1.6 Schematic representat ion of a cross -section of MCF 
mesostructure, with “ink -bottle” or cage -l ike pores consisting of 

large spher ical cells connected by narrow windows.  

 Further studies into the formation mechanism revealed that 

the cage-like or “ink-bottle” MCF structure can result from a phase 

transition from hexagonal to MCF upon increasing addition of 

TMB48. The transition is characterized by a sharp increase in the 

pore size, even though the 2D hexagonal symmetry was still 

observed in SAXS patterns. They proposed that a change in 

morphology without an accompanying change in the SAXS pattern 

could be the result of the formation of a noded structure in the 

cylindrical pores, which maintained their hexagonal packing. Upon 

increasing TMB addition, the nodes separate into spherical micelles 

and aggregate to form the MCF (Figure 1.7).  



 

20 
 

1.3 Synthesis of ordered mesoporous silica 

 

Figure 1.7 Progression of the morphological transit ion i n P123 
materials swollen by 1,3,5-t rimethylbenzene (“oi l”) 4 8 .  Increasing oil 

concentrat ion produced enlargement of the pore s ize unt i l the 
hexagonal mesostructure was lost and interconnected spherical 

micelles were formed.  Reprinted with permission from J .S. Lettow, 
Y.J . Han, P. Schmidt -winkel ,  P. Yang, D. Zhao, G.D. Stucky, and 
J.Y. Ying: ‘Hexagonal to Mesocellu lar Foam Phase Transit ion in 
Polymer-Templated Mesoporous Sil icas’ , Langmuir ,  2000, 16(22) , 

8291-8295. Copyright 2000 American Chemical Society.  

Recently, the synthesis of MCFs via partitioned cooperative 

self-assembly (PCSA) using sodium silicate as the silica precursor 

and P123 as the structure-directing agent has been reported43,49. In 

these studies, as opposed to the conventional method of adjusting 

the hydrophobic volume VL with an aim to reduce the micellar 

curvature and therefore change the mesostructure, the hydrophilic 

volume VH is also manipulated, resulting in materials with a bimodal 

pore structure. The swelling agents TMB and hexane are used to 

adjust VL and PCSA is used to manipulate the PEO shell, which can 

be tailored by incorporating the silica precursor at different times 

and in varying quantities in the synthesis. The synthesis of MCF 
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silica based on the synthesis of COK-12 and using hexane as a 

micellar swelling agent is addressed in the present work. 

1.3.4 Pore shape control: tailoring the mesostructure 

The final mesophase structure depends on the liquid crystal phases 

of the templating agent.  The selection of the templating agent, the 

use of mixed surfactants, the addition of organic agents and the 

synthesis conditions (temperature, presence of salts, etc.) all play a 

role in defining the mesostructure of the material. Below is a 

summary and description of liquid crystal mesophases formed by 

self-assembly of surfactants that have been observed in the synthesis 

of OMS50 

Columnar mesophases 

The most common columnar mesophase observed is the 2D 

hexagonal mesophase, which forms after the discontinuous cubic 

phase in which spherical micelles exist in solution but are not in 

contact with each other. The discontinuous spherical micelles merge 

to form cylindrical micelles that aggregate into a 2D hexagonal 

mesophase with p6m symmetry. SBA-1518 and MCM-4117 are the 

most well-known examples of materials with a 2D hexagonal 

mesostructure. 

Lamellar mesophases 

Lamellar mesophases are parallel stacks of amphiphilic bilayers. 

They have the lowest curvature energy (packing parameter g=1). 

Lamellar mesophases form after 2D hexagonal mesophase. 

Multilamellar vesicular (MLV) silica materials have been prepared 

that exhibit this type of mesophase51. 
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Bicontinuous mesophases 

Bicontinuous mesophases can be traversed in any direction, and 

exhibit long-range order. Examples of OMS materials that exhibit a 

bicontinuous mesophase include the well-known MCM-48 and 

KIT-6 with a bicontinuous cubic or bicontinuous gyroid symmetry, 

SBA-16 with a body-centered cubic mesostructure and FDU-12, 

with a face-centered cubic mesostructure. 

Part of this work studies the shift from a 2D hexagonal 

mesophase to a multilamellar vesicular (MLV) mesophase of a 

mesoporous silica material by incorporation of polypropylene glycol 

(PPG), at room temperature and quasi-neutral synthesis conditions 

(see section 4.3). 

1.3.4.1 Multilamellar vesicular silica 

Multilamellar vesicular silica (MLV) structures consist of concentric 

silica shells and voids in alternation (Figure 1.8). Initial reports on 

multilamellar vesicular silica came shortly after the discovery of 

MCM-41 by Tanev et.al. in the form of siliceous MLV prepared by a 

biomimetic approach, using a neutral diamine bolaamphiphile MLV 

as a template54. Siliceous MLVs with higher thermal and 

hydrothermal stability produced using an ionic gemini surfactant 

and TEOS as the silica precursors coined MSU-G were reported by 

Kim et.al., the same year that OMS templated by nonionic block 

copolymers were discovered55. Stable MLVs were also obtained 

using PEO-PPO-PEO type surfactants with a shortened PEO block 

in comparison to P12356. Following the discovery of SBA-15, the 

formation of MLVs via aerosol-assisted evaporation induced self-

assembly (EISA) using TEOS and the nonionic triblock copolymer 

P123 as a structure directing was studied, yielding MLVs in the 

absence of cosurfactants and cotemplates57. After these initial 

studies, numerous reports regarding the synthesis of siliceous MLVs 

with P123 as a structure directing, TEOS as a silica source and 
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various cotemplates and cosurfactants have been published.  

Additives commonly used as micellar swelling agents have been 

useful in the preparation of MLVs, such as hexane58, 1,3,5 

triisopropylbenzene (TIPB)51, perfluorooctanoic acid (PFOA)59, 

1,3,5 trimethylbenzene (TMB)60 and more recently, the amphiphilic 

comb-like polymer with a siloxane skeleton PSPE61. A study based 

on sodium silicate as a silica precursor and the electrically neutral 

α,ω-diamine surfactant Jeffamine D2000, similar to that used by 

Tanev, et.al., yielded MLV silica and materials with an “onion-like” 

morphology controlled by varying the synthesis temperature62. The 

synthesis of MLV silica based on the synthesis of COK-12 and 

using polypropylene glycol as a micellar swelling agent is addressed 

in the present work. 

 

Figure 1.8 Schematic representat ion of a MLV pore mesostructure, 
consist ing of concentr ic si l ica shells and voids in alternat ion.  

1.3.5 Synthesis of COK-12 

As was previously mentioned, COK-12 is a recently discovered 

OMS which is produced in a faster, inexpensive and more 

environmentally-friendly way in comparison to other OMS 

materials. COK-12 is prepared at room temperature by 

incorporating a solution of sodium silicate to a buffered (pH = 4-5) 

aqueous solution of spherical P123 micelles (for details on the 

preparation of COK-12, see section 3.1.1). The following is a 

formation mechanism proposed by Jammaer, et. al., as studied by 

small-angle X-ray scattering (SAXS), by incorporating increasing 

aliquots of silica precursor into the synthesis63.  
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Silica is present in the sodium silicate solution as two times 

dissociated orthosilicic acid, SiO2(OH)2
2-, which upon addition to 

the buffered P123 solution is neutralized to orthosilicic acid, 

Si(OH)4. At the buffer pH, Si(OH)4 oligomerizes quickly. Silicate 

oligomers present a strong attractive interaction with the PEO 

blocks of the spherical P123 micelles, which limits the degree of 

crosslinking of the silicate network64 and enriches the silica content 

in the PEO layer. With increasing silica content, the size of the 

micelles remains the same until 15 % of the nominal silicate amount 

used in COK-12 synthesis is reached. At 15 % silicate, the spherical 

micelles begin to aggregate and form cylindrical micelles – the PPO 

cores merge to form the core of the cylinder and the silica-enriched 

PEO shell makes up a mantle (Figure 1.9, c). The limited degree of 

cross-linking of the silicate network in the PEO block results in 

micelles that are flexible, hence the progression from spheres to 

cylinders.  

 

Figure 1.9 Schematic representat ion of the stages of formation of 
COK-12. (a) Si l ica species precipitate on the PEO blocks of the 

spher ical P123 micelles which are in solution. (b) At a cr i t ical si l ica 
concentrat ion, steric stabi l ization is l i fted and (c,d) spher ical 

micelles coalesce into cylinders that increase in s ize. (e) Further 
addition of si l ica species leads to the aggregation of the cyl inders 

and eventual ly to the formation of a 2 -diment ional hexagonal ly 
ordered mesostructure6 3 .  Reprinted with permission from J. 

Jammaer, T.S. van Erp, A. Aerts , C.E.A. Kirschhock, and J.A. 
Martens: ‘Continuous Synthesis Process of Hexagonal Nanoplates of 

P6m Ordered Mesoporous Si l ica’, J . Am. Chem. Soc . ,  2011, 133(34), 
13737-13745. Copyright 2011 American Chemical Society.  
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Further addition of silica promotes the growth of the 

cylinders and they begin to aggregate into a hexagonal pattern. The 

development of an ordered mesophase proceeds faster at higher 

concentrations of silicate, as was demonstrated by Jammaer, et. al.63. 

An increase in silica content eliminates the steric stabilization of the 

cylinders, enabling fast aggregation. Cylindrical micelles that are 

insufficiently coated with silica will not participate in aggregation 

until they reach the critical silica content. This ease of synthesis 

implies that the mixing conditions in COK-12 preparation are less 

critical. Likewise, the aging step of COK-12 synthesis is also less 

critical – a well-ordered material is obtained almost immediately 

after mixing. 

1.3.6 Upscaling and continuous synthesis of ordered 

mesoporous silica 

Given the harsh synthesis environment, OMS synthesis upscaling 

can be problematic, mainly due to issues concerning maintaining 

isothermal conditions. Common OMS syntheses also require long 

synthesis and aging times at elevated temperatures, which leads to 

time and energy consumption. Up until now, the synthesis of SBA-

15 has been successfully upscaled to yield 24 to 27 g per batch26,65.  

An alternative to batch upscaling is continuous production. 

Continuous production of OMS is desired not only to reduce the 

amount of steps required in the OMS synthesis process for potential 

industrial production, but also to allow for a more ecological 

synthesis of the material. A continuous synthesis process would 

reduce production costs and energy consumption, and would 

facilitate large-scale production with controlled material properties, 

avoiding reproducibility issues that may arise due to batch synthesis. 

 With the aim of studying the kinetics of formation of 

MCM-41 type materials, Linden et. al. reported a continuous 

synthesis process in a tubular reactor, in which the feed consisted of 

two streams: an aqueous solution of the templating agent and a 
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solution of the silica precursor66. After initial mixing of the 

solutions, an ultrasonic bath was used for homogenization and then 

further mixing was carried out by static mixers. Although a 

continuous process was used for this study, its purpose was not to 

establish a continuous production process. 

 A study by Pitchumani et. al. regarding continuous 

production of mesoporous silica reports a simple preparation route 

by spray-drying67. A solution of colloidal silica was used as the silica 

source and P123 was used as the templating agent. Although a 

stable material was produced, the work was not focused on 

obtaining a highly-ordered material, and a material with a broad 

pore size distribution was obtained. 

 Recently, Jammaer et. al. have reported the synthesis of 

COK-12 in a continuous synthesis process63. The synthesis takes 

place at room temperature and near neutral pH and yields a highly-

ordered material with the same properties as COK-12 prepared by 

batch synthesis. In this study, two different continuous synthesis 

setups were installed, a small-scale setup that relied on syringe 

pumping and a larger-scale setup in which pumping was carried out 

by hose pumps. The former resulted in a production rate of COK-

12 of approximately 0.075 g/min and the latter 30 g/min. Although 

the synthesis step was carried out in continuous mode, subsequent 

steps (filtration, washing, drying, and calcination) were batch 

processes.  

1.4 Ordered mesoporous silica as a catalyst 

support 

1.4.1 Ordered mesoporous silica as a catalyst 

support: advantages and drawbacks 

Ordered mesoporous silica materials (OMS) are very attractive for 

the preparation of highly dispersed metal and metal oxide supported 

catalysts in comparison to conventional support materials. Due to
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their intrinsic properties, such as high surface area and uniform pore 

structure, the catalyst active species can be evenly dispersed, with 

uniform size and high concentration of active sites per mass of 

OMS support material. For metal and metal oxide supported 

catalysts, the need for large amounts of expensive and rare noble 

metals, when compared to the use of bulk materials, can be 

minimized68. The mesoporous structure of the support also plays an 

important role in catalytic activity. For example, in the 

transformation of levulinic acid (LA) to γ-valerolactone (GVL), it 

was demonstrated the yield increased with the use of OMS supports 

for the nanoparticulate Ni catalyst, and that the catalyst supported 

on COK-12 (as opposed to materials with a three-dimensional cubic 

pore structure, SBA-16 and KIT-6) produced the highest yield, due 

to the spatial distribution of Ni69. In spite of the many advantages of 

using OMS as a catalyst support, however, industrial application is 

still not viable given that the synthesis of OMS in large scale has not 

been sufficiently studied thus far and large-scale OMS production 

processes do not exist at an industrial level. 

1.4.2 Oxidative coupling of methane 

Natural gas is combustible gas that occurs in porous rocks of the 

earth’s crust and is found with or near crude oil reserves. The 

methane content of natural gas can reach up to 98 %, depending on 

where it is produced, geographically70. Natural gas reserves 

throughout the world were estimated in 2014 at 187x1012 m3, which 

is the equivalent of 169x109 tons of oil71. Much of the natural gas 

exists in remote regions, making transportation via pipelines 

unfeasible, and transportation by liquefaction and then shipping is 

very expensive. Natural gas is often reinjected and around 4 % is 

flared or vented, contributing to the greenhouse effect72. 

Furthermore, methane is the main component of biogas, formed by 

anaerobic digestion of energy crops, residues and wastes, with the 

methane concentration of biogas reaching up to 70 %73. Up to 

1.1x1010 m3 equivalent of natural gas was produced in the form of 
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biogas in the European Union in 201074. The vast quantities of 

methane available could serve as a feedstock for the production of 

chemicals and as a source of energy for the future. 

Currently, the main use of methane is for heating purposes 

and for generation of electrical power, and the only important use in 

the chemical industry is for the production of synthesis gas (syngas, 

a mixture of H2 and CO) through steam reforming. Utilization of 

methane would require its conversion either to a transportation fuel 

or to high volume chemicals such as methanol or ethylene72. 

However, the potential for the production of ethylene or liquid 

hydrocarbon fuels has not been fully realized, mostly because the 

conversion and/or selectivities of the feasible conversion processes 

are insufficiently high to be of interest for commercial application. 

Generally two routes exist for the conversion of methane 

into useful products: direct and indirect. Indirect processed are two-

step processes in which natural gas is converted initially into syngas 

which is then converted into the desired product. Direct routes are 

one-step processes in which methane reacts with oxygen (or another 

oxidizing species) to yield the desired product directly70, thus 

eliminating the costs of intermediate syngas generation.  

The direct conversion of methane, however, is hindered by 

the difficulty to activate the stable methane molecule. Common 

issues associated with the direct conversion of methane come from 

kinetics and thermodynamics. High temperatures are required for 

methane activation, and at these conditions radical reactions in the 

gas phase are dominating. The strength of the C-H bond is stronger 

than the possible products, meaning that the products will be more 

reactive than the methane itself75. The activation of the inert 

methane molecule can be achieved, but will be accompanied by the 

activation of more reactive target molecules74. The challenge in 

methane conversion therefore lies mainly in the selectivity of the 

process, not the reactivity. Processes concerning the direct 

conversion of methane are still at the research stage, with catalysis 

playing an important role in their development. 
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One approach that has been proposed and tested to avoid 

these issues, based on catalysis and reaction engineering, is the 

oxidative coupling of methane (OCM) (equations 2 and 3) for the 

direct conversion of methane to ethylene and ethane, first proposed 

by Keller and Bhasin in the early 1980s76. 
 

 

2𝐶𝐻4(g) + 𝑂2(g) → 𝐶2𝐻4(g) + 2𝐻2𝑂(𝑔)   (2)  
 

𝐶𝐻4(g) +
1

2
𝑂2(g) → 𝐶2𝐻6(g) + 𝐻2𝑂(𝑔)  (3) 

 

OCM occurs via a heterogeneous-homogeneous 

mechanism, with the reaction beginning on the catalyst surface with 

the generation of methyl radicals and continuing in the gas phase. 

The initial cleavage of the C-H bond of methane was proven as a 

crucial step of the OCM reaction, and the most widely accepted 

mechanism is homolytic breakage, in which methyl radicals are 

formed directly (equation 4). Once formed, the methyl radicals 

participate in gas phase and heterogeneous reactions, yielding 

various products: the recombination of two methyl radicals in the 

gas phase form ethane (equation 5), ethane dehydrogenation results 

on the formation of ethylene (equation 6), and carbon oxides are 

formed from the combustion of methane as well as the consecutive 

oxidation of C2 products (see Figure 1.10)77. 

 
 

𝐶𝐻4(g) + (𝑂)s → C𝐻3̇(g) + (𝑂𝐻)s    (4)  
 

C𝐻3̇(g) + C𝐻3̇(g) → 𝐶2𝐻6(𝑔)                (5) 
 

𝐶2𝐻6(g) → 𝐶2𝐻4(g) + 𝐻2(𝑔)                            (6) 
 

 

One of the main challenges of OCM is finding a catalyst 

that can participate in the activation of the methane molecule, while 

suppressing unwanted secondary reactions. Catalysts so far tested 

for OCM exhibit insufficient selectivity at industrially relevant 
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conversion levels, with maximum C2 (ethane + ethylene) selectivity 

reaching about 80 %, with a single-pass yield of C2 products of 

about 25 %. An “upper bound” or yield limit of 28 % has been 

predicted for OCM78. This yield limit, taken from the extensive 

review of OCM catalysts by Zavyalova et. al.79, shows a decrease in 

C2 selectivity with increasing methane conversion within a virtual 

one pass yield limit between 25 and 30 %. 

 

 

Figure 1.10 Simplified scheme of the OCM react ion 7 7 .  

Although intensive efforts have been put into investigations 

regarding catalyst design, reaction engineering and process 

engineering of OCM, there are still to date no established industrial 

processes. The San Francisco based start-up Siluria Technologies 

has recently announced the installation of an OCM demonstration 

plant, which uses novel nanowire catalysts for the OCM process and 

has a high focus on the downstream processing, however no data 

concerning the catalyst has been revealed80. 

1.4.2.1 Na2WO4-Mn/SiO2 catalyst for the oxidative coupling 

of methane 

A very promising OCM catalyst was identified in the early 1990s, 

composed of 1.9 % wt Mn and 5 % wt Na2WO4 supported on 

SiO2
81. This catalyst rivaled the performance of the leading OCM 
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catalysts, but exhibited stability for prolonged periods of time (more 

than 450 h)82,83. Investigations regarding the effect of each 

component (Na, W and Mn) on the catalytic activity and selectivity, 

effects of reaction pressure, temperature, methane to oxygen ratio, 

support material variation and catalyst preparation route have been 

conducted, and extensive literature is available43,84–95. A noteworthy 

and well-documented phenomenon that occurs in Na2WO4-

Mn/SiO2 catalysts is the phase transformation of the amorphous 

silica support to the crystalline α-cristobalite phase after calcination 

at temperatures about 750°C86. This phase transition normally does 

not take place at this temperature, and is attributed to the lowering 

of the phase transition temperature of amorphous silica as a 

consequence of doping with sodium. This phenomenon is thought 

to be critical to the activity and selectivity of the catalyst, and is 

associated the formation of a crystalline phase that is inert to the 

OCM reaction, with a significant reduction in the specific surface 

area of the catalyst (as opposed to the fresh, uncalcined catalyst)96. 

1.4.2.2 Na2WO4-Mn/SiO2 catalyst supported on SBA-15 

An exhaustive study of the Na2WO4-Mn catalyst on a variety of 

supports confirmed the knowledge that the catalyst supported on 

silica exhibits remarkable stability and activity and selectivity and is a 

possible candidate for industrial application94. A highly promising 

achievement was reached regarding the variation of the type of silica 

support used for the Na2WO4-Mn catalyst, in terms of using OMS 

as opposed to commercial amorphous silica gel97. The SBA-15 

supported catalyst exhibited a substantial increase in conversion in 

comparison to the catalyst supported on other forms of porous 

silica, as well as an increase in selectivity. The reason for this 

improved performance is thought to be a finer distribution of the 

catalytic components on the catalyst surface, given the ordered 

nature of the pores of SBA-15. In the present work, the 

performance of the Na2WO4-Mn catalyst supported on the OMS 
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SBA-15 analog denoted as COK-12 is studied. COK-12 preparation 

is more environmentally friendly and inexpensive than SBA-15, 

making it a viable candidate for industrial application. 

1.5 Summary and open questions 

The present work is based on the synthesis of COK-12, an ordered 

mesoporous silica (OMS) material notable for its facile, economic 

and more environmentally-friendly synthesis. The synthesis of OMS 

materials, including COK-12, is carried out by templating with a 

micellar structure-directing agent, which upon removal produces the 

characteristic mesostructure and pore size of the OMS. The 

structure-directing agent selected for the synthesis will determine 

the mesostructure and pore size of the OMS. Further mesostructure 

and pore size tailoring can be carried out by addition of micellar 

swelling agents during the OMS synthesis, which solubilize inside 

the structure-directing agent micelles, thus enlarging the micelles or 

changing the mesophase altogether.  

Taking into account the literature available, the synthesis of 

COK-12 –based materials, the processing of these materials and 

applications of COK-12 remain largely unexplored, in spite of the 

advantages that COK-12 synthesis holds over other OMS materials. 

Tailoring of the COK-12 mesostructure by using micellar swelling 

agents has not been reported thus far, and although the continuous 

synthesis of COK-12 has already been established, research 

regarding the optimization of this process for possible industrial use 

is necessary. Furthermore, there is still a gap in research concerning 

the use of COK-12 type materials in terms of surface 

functionalization (as has been widely studied for other OMS 

materials), processing, application, etc. A search on the term “COK-

12” in Web of Science yields less than 20 results, as opposed to over 

8000 for the analogous SBA-15. Therefore it is expected that studies 

regarding the upscaling and tailoring of COK-12 will open a 

window of opportunity regarding more economic and facile 
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synthesis of porous silica materials in an array of different 

mesostructures and pore sizes that can be tailored for specific 

applications. 
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Text 

2 Characterization methods 

This section describes the characterization techniques used to 

routinely characterize the materials produced, with an overview of 

the technique, the information that can be obtained from each 

technique and methods for sample preparation. Routine 

characterization of COK-12 materials includes: 

 Small-angle X-ray diffraction: pore ordering analysis 

 Nitrogen sorption: pore shape analysis, determination of specific 

surface area and pore size distribution 

 Scanning electron microscopy: morphological analysis 

 Transmission electron microscopy: pore size, shape and ordering 

analysis. 

In addition to the techniques mentioned above, 

characterization of the catalysts described in section 3.4 includes: 

 Powder X-ray diffraction: determination of crystalline phases 

 Inductively coupled plasma-optical emission spectroscopy: 

elemental analysis 

 Gas pycnometry: density 

 Energy-dispersive X-ray spectroscopy: elemental surface analysis 
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2.1 Small-angle X-ray diffraction 

Given their wavelength of less than 30 Å, which is in the same order 

of magnitude as interatomic distances of crystalline materials, X-rays 

can interact with matter, giving information regarding the 

crystallographic or structural properties of the material. When X-

rays irradiate a sample, the following can occur: 

 The atoms inside the sample will scatter the incident 

radiation in all directions 

 The particles (i.e. clusters of atoms) inside the sample will 

produce additional scattering. 

By  measuring the angle-dependent distribution of scattered 

radiation (intensity), it is possible to draw conclusions about the 

average particle structure98.  

X-ray diffraction (XRD) is the elastic scattering (Thompson 

scattering) of X-ray photons by atoms in a periodic lattice. When X-

ray photons collide with electrons within the atoms and there is no 

energy transfer, the electrons oscillate at the same frequency as the 

incoming radiation, and emit radiation at the same frequency. Given 

that the radiation waves emitted by neighboring atoms are 

synchronized, coherent waves are produced that result in 

constructive interference (see Figure 2.1), which gives information 

about the particle structure that depends on the angle of observation 

2θ. This scattering of waves in specific directions is represented by 

Bragg’s law: 

 

2dℎ𝑘𝑙 sin 𝜃ℎ𝑘𝑙 = 𝑛𝜆  (7)  

 

Where: 

d: interplanar distance of the hkl planes 

θ: scattering angle of the hkl planes 

n: positive integer naming the order of the reflection 

λ: wavelength of the incident wave 
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2.1 Small-angle X-ray diffraction 

The scattering planes are recognized by the Miller indices (hkl). 

 

 

Figure 2.1 Left : Construct ive interference. Right: Bragg’s law of 
diffraction, in which two radiat ion waves of identical wavelength 

interact with two atoms within a crystall ine sol id and are scattered. 
The lower beam traverses an extra length of 2dsinθ .  Constructive 

interference occurs when this length is equal to an integer multiple 
of the wavelength of the incident radiation.  

For structural crystallographic analysis on an atomic level, 

large 2θ values are used. Using small 2θ values (usually between 0.1° 

to 10°), domains with larger dimensions can be studied, between 1 

and 200 nm (small-angle X-ray diffraction, SAXRD). In this respect, 

this technique is useful for determining the nanoscale structure of 

materials, such as the periodicity of mesopores in the case of this 

work. With SAXRD it is possible to determine the lattice parameter 
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a, which corresponds to the distance between the center of each 

pore, and the interplanar spacing d for a given orientation. 

For this work, small-angle X-ray diffraction curves were 

obtained using a Bruker AXS D8 ADVANCE X-ray diffractometer 

with a Bragg–Brentano geometry equipped with a Lynx Eye 1D 

detector (CuKα1 radiation wavelength 0.15406 nm). Measurements 

were carried out between 0.5 and 6.0° 2Ɵ value, with a step time of 

1 s/0.0003° at 35 kV and 40 mA and with a 280 mm sample-

detector distance. The patterns were analyzed using the Diffrac-

Plus/EVA software from Bruker AXS, peaks were identified using 

the same software. 

2.2 Nitrogen sorption 

The adsorption of nitrogen is the standard method used to 

determine the specific surface area of porous materials. The relation 

between the amount adsorbed and the equilibrium pressure of 

nitrogen is known as the adsorption isotherm. Depending on the size 

and shape of the pores, the physisorption behavior varies. In the 

case of micropore filling (for pores less than 2 nm wide), physisorption 

takes place in one single step. In the case of mesopores (pores 

between 2 and 50 nm wide), physisorption is a two-step process, 

namely monolayer-multilayer adsorption and capillary condensation1. 

 Monolayer adsorption occurs when all the adsorbed 

molecules are in contact with the surface layer of the adsorbent, 

while in multilayer adsorption, the adsorption space accommodates 

more than one layer of molecules. After monolayer-multilayer 

adsorption occurs, capillary condensation takes place. Capillary 

condensation is unique in the fact that it occurs below the saturation 

pressure of the pure liquid. During this step the remaining available 

pore space is filled with condensate that is separated from the gas by 

a meniscus. This process differs from micropore filling in the fact 

that there is no meniscus formation in the latter1. 
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As was previously mentioned, sorption data is presented 

graphically in the form of adsorption isotherms, plotting the amount 

adsorbed against the equilibrium relative pressure. A classification of 

adsorption isotherms has been established by the International 

Union of Pure and Applied Chemistry (IUPAC), depicted in Figure 

2.2. 

Type I isotherm result from microporous solids with 

relatively small external surface. Type II isotherm is obtained with a 

non-porous or macroporous adsorbent, in this type of isotherm the 

point B indicates the stage at which monolayer coverage is complete 

and multilayer adsorption begins. Type III isotherms occur when 

there is a weak interaction between the adsorbate and adsorbent. 

Type IV isotherms exhibit a characteristic hysteresis loop, which is 

associated to capillary condensation, and also exhibits the initial 

monolayer-multilayer adsorption behavior. This type of isotherm is 

very common for many industrial adsorbents. Type V isotherm is 

uncommon, and is also related to weak adsorbate-adsorbent 

interaction. Type VI isotherm represents stepwise multilayer 

adsorption on a uniform non-porous surface. 

 

Figure 2.2 Types of adsorption isotherms as classified by IUPAC 1 .  
See text for detai ls .  
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Information regarding the shape of the pore can be 

obtained from the hysteresis observed in adsorption isotherms. 

After monolayer-multilayer adsorption (Figure 2.3 A-C), capillary 

condensation occurs at a critical adsorbed film thickness, resulting 

in a sudden increase of the adsorbed volume. This is visible as a 

steep rise in the adsorption branch of the isotherm and is associated 

with the pore dimensions (Figure 2.3, C-D). The plateau at high 

relative pressure values is the result of completely filled pores with a 

meniscus formation at the pore opening. When desorption begins, 

evaporation takes place at lower relative pressures than 

condensation (Figure 2.3 E-F), giving way to the shape of the 

hysteresis loop, which is related to the pore opening.  

 

Figure 2.3 Schematic representat ion of multi layer adsorpt ion, pore 
condensation and hysteresis in a s ingle pore 9 9 .  (A) monolayer 

format ion, (B) mult i layer adsorpt ion, (C -D) capillary condensat ion, 
(E) pore evaporat ion by a receding meniscus, (F) desorpt ion.  
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The types of hysteresis are shown in Figure 2.4. Type H1 

and type H4 hysteresis are two extreme examples. For type H1, the 

two branches are almost vertical and nearly parallel over a large 

adsorbed volume range. This type of hysteresis is often associated 

with porous materials consisting of agglomerates. Type H4 exhibits 

branches that are nearly horizontal and parallel over a wide relative 

pressure range, and is associated with narrow slit-like pores. Type 

H2 and H3 are intermediates between these two extremes. Type H2 

hysteresis is often associated with spherical pores with narrow 

windows or openings that connect them, or so called “ink-bottle” 

pores. Type H3 hysteresis is associated with aggregates of plate-like 

particles that give rise to slit-like pores. 

 

 

Figure 2.4 Types of hysteresis loops as classif ied by IUPAC 1 .  See 
text for detai ls .  

Specific surface area  

The specific surface area can be calculated by the method of 

Brunauer, Emmett and Teller (BET)100, which is an extension of the 

Langmuir model for monolayer adsorption. The BET specific surface 

area (as) is given by: 
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a𝑠 =
𝑛𝑚

𝑎 ∙𝐿∙𝑎𝑚

𝑚
   (8)  

 

Where: 

 

𝑛𝑚
𝑎 : monolayer capacity 

L: Avogadro constant 

𝑎𝑚: molecular cross-sectional area of the adsorbent (estimated at 

0.162 nm2 for N2 at 77 K) 

m: adsorbent mass 

 The monolayer capacity (𝑛𝑚
𝑎 ) can be determined from the 

BET equation: 

 
p

𝑛𝑎(𝑝0−𝑝)
=

1

𝑛𝑚
𝑎 ∙𝐶

+
(𝐶−1)

𝑛𝑚
𝑎 ∙𝐶

∙
𝑝

𝑝0
   (9)  

 

Where: 

 

p: equilibrium pressure 

p0: saturation temperature at temperature of measurement 

na: amount adsorbed at the relative pressure (p/p0) 

C: BET constant 

 

The BET constant (C) is given by: 

 

𝐶 = 𝑒𝑥𝑝 [
𝐸1−𝐸𝐿

𝑅𝑇
]  (10)  

Where: 

 

E1: heat of adsorption of the first layer 

EL: heat of adsorption of subsequent layers, equal to the heat of 

liquefaction 

R: gas constant 

T: temperature 
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2.2 Nitrogen sorption 

 The BET equation requires a linear relation between 

p/na(p0-p) and p/p0, and the range of linearity is restricted to the p/p0 

range between 0.05 and 0.30 (Figure 2.5). 

 

 

Figure 2.5 Graphical representat ion of the BET equation.  

Experimental specifications 

Nitrogen sorption isotherms were recorded at 77 K on a 

QuadraSorb Station 4 apparatus after degassing for 10 h at 200 °C 

under vacuum. Surface area was determined using the BET method. 

Although the BJH method is widely accepted for the estimation of 

pore size distribution for cylindrical pores, it can underestimate the 

size when pores are smaller than 5 nm in diameter. For this reason, 

the pore size distribution determination of cylindrical mesopores 

was based on nonlocal density functional theory (NLDFT). Pore 

size distribution of micropores was also based on NLDFT 

calculations and was carried out only for the powder (P-COK-12, 

see section 3.2, Figure 3.5) and monolith (M-COK-12, see section 

3.3, Figure 3.17) specimens. The calculation of the dimensions of 

“ink-bottle” or cage-like pores, as is the case for MCF, (type H2 

hysteresis) was based on NLDFT, using the adsorption branch of 

the isotherm to estimate the diameter of the cage or pore cell, and 

the desorption (equilibrium) branch of the isotherm to determine 
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the diameter of the pore window (see Figure 1.6)50. All data was 

analyzed using the Quantachrome/QuadraWin software.  

2.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) produces high-resolution 

images of a sample by scanning the surface with an electron beam in 

a raster pattern. The topographical image is constructed by analysis 

of the detected signal of secondary electrons emitted by atoms from 

the sample’s surface upon the action of the high-energy electron 

beam. 

SEM imaging is used in this work to study the morphology of 

the synthesized materials. Although morphology control is not one 

of the main focuses of this work, it is important to note the 

development of morphological variations with changes in the 

synthesis procedure. Imaging was carried out on a Zeiss Gemini Leo 

1530 with integrated energy-dispersive X-ray spectroscopy (Noran 

System 6, Thermo Scientific). Samples were immobilized on 

conducting carbon pads and then sputtered with a thin layer of gold 

to prevent charging. 

2.4 Transmission electron microscopy 

By transmitting a beam of electrons through an ultrathin specimen 

(<200nm), a very high-resolution image can be obtained due to the 

electron-sample interaction. Part of the incident beam is 

transmitted, another part is dispersed and a fraction of the beam 

interacts with the sample giving way to a series of different 

responses that are useful for obtaining information about the 

sample, such as morphology and crystalline structure. 

For TEM investigations of COK-12 materials, a small 

amount of the sample suspended in ethanol was placed on a TEM-

grid (carbon film on 300 mesh Cu-grid, Plano GmbH, Wetzlar,



 

44 
 

2.5 Powder X-ray diffraction 

Germany). The samples were covered with a thin C-layer by thermal 

evaporation to avoid charging in the electron microscope. 

A FEI Tecnai G2 20 S-TWIN transmission electron microscope 

(FEI Company, Eindhoven, Netherlands) equipped with a LaB6-

source at 200 kV acceleration voltage was used. Images were 

recorded with a GATAN MS794 P CCD-camera. The 

microstructure (pore size and pore shape/morphology) of the 

samples was studied at the Department of Electron Microscopy 

(ZELMI), TU Berlin. 

2.5 Powder X-ray diffraction 

X-ray diffractograms were obtained using a Bruker AXS D8 

ADVANCE X-ray diffractometer with a Bragg–Brentano geometry 

equipped with a Lynx Eye 1D detector (CoKα1 radiation wavelength 

0.178901 nm and CoKα2 radiation wavelength 0.17929 nm). 

Measurements were carried out between 10 and 100° 2θ value, with 

a step time of 1 s/0.0096° at 35 kV and 40 mA. The patterns were 

analyzed using the Diffrac-Plus/EVA software from Bruker AXS 

and the PDF2 database. 

2.6 Inductively coupled plasma - optical 

emission spectroscopy 

Inductively coupled plasma - optical emission spectroscopy (ICP-

OES) is a multi-elemental analytical technique used for the detection 

of trace metals. The sample is introduced into the equipment in 

liquid form and then nebulized to produce droplets which make 

their way into a gas plume which excites the metal atoms. Upon 

returning to their original state, they emit radiation which is detected 

and gives information on the type of metal present and its amount 

relative to the rest of the sample. 

Inductively coupled plasma optical emission spectroscopy 

was carried out on a Horiba Scientific ICP Ultima2. Samples were 
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digested in an aqueous suspension with the addition of HNO3 and 

HF at 200°C for 5 h in an autoclave. 

2.7 Gas pycnometry 

With gas pycnometry it is possible to precisely determine the density 

of a sample via determination of the sample volume, regardless of 

the physical characteristics of the sample, by employing the principle 

of gas displacement and Boyle’s law. The volume measured in a gas 

pycnometer is the amount of space within the measuring chamber 

that is not accessible to the gas, which is essentially the volume of 

the sample itself. The most common and convenient gas used is 

helium, due to its size and the fact that it is inert. The pycnometer 

consists of two chamber or cells separated by a valve; one of the 

cells contains the sample. Upon filling the sample cell, the pressure 

P1 is achieved and all pores in the sample are filled. Subsequently 

opening the valve releases gas into the second empty cell until the 

equilibrium pressure is reached101. In this sense, the density of the 

sample can be determined as follows: 

 

𝜌𝑠 =
𝑚𝑠

𝑉𝑠
  (15) 

 

Where: 
 

ρS: sample density 

mS: mass of the sample 

Vs: volume of the sample 

 

According to Boyle’s law: 

 

𝑃1𝑉1 = 𝑃2𝑉2  (16) 

 

Applied to the system described above:
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𝑃1(𝑉𝑐 − 𝑉𝑠) = 𝑃2(𝑉𝑐 + 𝑉𝑒 − 𝑉𝑠) (17) 

 

Where: P1: pressure in the sample cell 

P2: pressure in the empty cell 

Vc: volume of the sample cell 

Ve: volume of the empty cell 

Then: 

 

𝑉𝑠 = 𝑉𝑐 −
𝑃2𝑉𝑒

𝑃1−𝑃2
 (18) 

 

Measurements were carried out in a Micromeritics Multivolume Gas 

Pycnometer 1305. 

2.8 Energy-dispersive X-ray spectroscopy 

Coupled with SEM, energy-dispersive X-ray spectroscopy (EDX) is 

used to identify and quantify the distribution of elements on a 

sample by detecting X-rays emitted from the sample upon 

bombardment with a high-energy electron beam. Electrons are 

ejected from the atoms comprising the sample's surface as a result 

of the bombardment with high-energy electrons. The resulting 

electron vacancies are filled by electrons from a higher state, and an 

X-ray is then emitted to balance the energy difference between the 

two electrons' states; the energy of this X-ray is characteristic of the 

element from which it was emitted. The X-ray detector measures 

the relative abundance of emitted X-rays versus their energy. 

EDX was carried out on a Zeiss Gemini Leo 1530 scanning 

electron microscope with integrated energy-dispersive X-ray 

spectroscopy (Noran System 6, Thermo Scientific). Samples were 

immobilized on conducting carbon pads and then sputtered with a 

thin layer of gold to prevent sample charging. Analysis was carried 

out on the Noran System Six (NSS) software. 
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3 Batch synthesis of COK-12 

OMS synthesis normally requires harsh synthesis conditions such as 

very basic or acidic media and high temperature hydrothermal 

treatments. The discovery of COK-12 marked the first OMS 

synthesis that circumvents these conditions. The reaction takes 

place at room temperature and under quasi-neutral pH, and employs 

a more inexpensive silica source than that used for most OMS 

materials synthesis20. 

With an aim to broaden the application possibilities of 

ordered mesoporous silica, investigations regarding the preparation 

of OMS in various macroscopic configurations have led to the 

fabrication of films and bulk materials (monoliths) as an alternative 

to powders. OMS monoliths have found applications in 

separation102 and catalysis103. Monoliths prepared by direct synthesis 

have yielded mechanically stable centimeter-sized monoliths104 and 

monoliths with a bimodal pore structure prepared by dual 

templating105. 

The present chapter discusses the synthesis and batch 

upscaling of powder and monolithic COK-12. Powder COK-12 is 

presented as the reference material and is used as a basis for 

comparison in order to assess the quality of monolithic and upscaled 

materials in terms of pore size and mesoscale ordering. The use of 

powder and monolithic COK-12 as support materials in the 

preparation of the Na2WO4-Mn/SiO2 catalyst and testing in the 

oxidative coupling of methane reaction is also presented in this 

chapter. The work presented in this chapter can be found in 

‘Oxidative coupling of methane on the Na2WO4-MnxOy catalyst: 
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COK-12 as an inexpensive alternative to SBA-15’, Catal. Commun., 

2016, 85, 75-78 and ‘Batch and continuous synthesis upscaling of 

powder and monolithic ordered mesoporous silica COK-12’, Micro. 

Meso. Mater., 2018, 256, 102-110. 

3.1 Experimental 

3.1.1 Reference material synthesis: powder COK-12 

Powder COK-12 was synthesized according to Jammaer, et. al.20. 

The synthesis takes place at room temperature. In a typical 

synthesis, 4.0 g of the templating agent Pluronics P123 (Sigma 

Aldrich) were dissolved in 107.5 ml distilled water (DIW) in a 

covered glass beaker by stirring with a magnetic stirrer at 

approximately 250 rpm. After complete P123 dissolution, 3.684 g 

anhydrous citric acid (Roth) and 2.540 g trisodium citrate dehydrate 

(Roth) were added to control the synthesis pH between 4 and 5. 

The buffered surfactant solution was then stirred for 24 h. A 

solution of 10.4 g sodium silicate (Roth) and 30 ml DIW was 

prepared and incorporated into the buffered micellar solution. 

Immediate solid formation was observed, and stirring was 

maintained for 5 min after which the slurry was kept for 24 hours 

without stirring. The solid was separated from the mother liquor by 

vacuum filtration using a filter paper and a plastic Büchner funnel. 

The solid was thoroughly washed with at least 500 ml DIW, and 

then dried at 60°C overnight. The dry solid was then calcined at 

500°C for 8 h, with a 1°C/min heating ramp, to completely remove 

the organic templating agent. From this point forward, COK-12 will 

be referred to as P-COK-12 (powder COK-12). 
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Table 3.1 Conditions for powder COK-12 materials synthesis. 

Material P-COK-12 

Batch size 1X 

P123 [g] 4.0 

DIWa [ml] 107.5 

Citric acid [g] 3.68 

Sodium citrate [g] 2.54 

Sodium silicate [g] 10.4 

DIWb [ml] 30.0 

HCl [ml] - 

DIWc [ml] 500 

a For P123 solution 
b For sodium metasilicate solution 
c For washing 

3.1.2 Monolithic COK-12 synthesis 

Monolithic COK-12 (M-COK-12) was prepared following the 

procedure described in the previous section, albeit incorporating 6.0 

ml HCl 37 % (Roth) immediately after incorporation of the sodium 

silicate solution. 

Table 3.2 Conditions for monolithic COK-12 materials synthesis. 

Material M-COK-12 

Batch size 1X 

P123 [g] 4.0 

DIWa [ml] 107.5 

Citric acid [g] 3.68 

Sodium citrate [g] 2.54 

Sodium silicate [g] 10.4 

DIWb [ml] 30.0 

HCl [ml] 6.0 

DIWc [ml] 500 

a,b,c See Table 3.1 
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3.1.3 Upscaling of powder and monolithic COK-12 

synthesis 

Upscaling of the synthesis was carried out following the same 

procedure described above albeit using 25 times the quantities 

described in the original synthesis protocol. For this large synthesis 

volume, a 5 liter beaker and overhead mechanical stirring were used 

as a batch reactor. From this point forward, upscaled powder and 

monolithic COK-12 will be referred to as P-COK-12-25X and M-

COK-12-25X. 

Table 3.3 Synthesis conditions for upscaled COK-12 materials synthesis. 

Material P-COK-12 M-COK-12 

Batch size 25X 25X 

P123 [g] 100.0 100.0 

DIWa [ml] 2687.5 2687.5 

Citric acid [g] 92.10 92.10 

Sodium citrate [g] 63.50 63.50 

Sodium silicate [g] 260.0 260.0 

DIWb [ml] 750.0 750.0 

HCl [ml] - 150 

DIWc [ml] 12500 12500 

a,b,c See Table 3.1 

3.1.4 Catalyst preparation and performance studies 

3.1.4.1 Catalyst support preparation 

Three COK-12 supports were used for this study: powder COK-12, 

granular COK-12 produced by pressing and granular COK-12 

produced by monolithic COK-12 synthesis. Powder COK-12 (P-

COK-12) and monolithic COK-12 (M-COK-12) were prepared as 

described in section 3.1.1 and 3.1.2. Pressed COK-12 (denoted from 
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this point forward as GP-COK-12) was produced by pressing P-

COK-12 with 35 kN force for 1 min using a 4 cm steel pressing die, 

and then grinding and sieving to obtain granules. Commercial silica 

gel (Davisil grade 636, Sigma Aldrich) is used as a fourth support, to 

prepare a standard catalyst for comparative purposes. A summary of 

the supports prepared for this study is shown in Table 3.4. 

Table 3.4 COK-12 catalyst supports prepared for this study. 

Support Description 

P-COK-12 Standard COK-12 powder 

GP-COK-12 
Standard COK-12 powder, pressed with 35 kN force for 1 min 
using a 4 cm steel pressing die, granulated by hand and sieved 
to 200-300 µm 

M-COK-12 
Monolithic COK-12 prepared in acidic synthesis media, the 
resulting material was granulated by hand and sieved to 200-300 
µm 

Silica gel 
Commercial silica gel (Davisil grade 636, pore size 6 nm), sieved 
to 200-300 µm 

3.1.4.2 Catalyst preparation 

The catalysts used for this study were all prepared following the 

method of Fang et. al81. For all catalysts, solutions of manganese (II) 

nitrate tetrahydrate (Merck) and sodium tungstate dihydrate (Sigma-

Aldrich) were incorporated into the support material separately via 

incipient wetness impregnation, in order to achieve 2.0 % Mn and 

5.0 % Na2WO4 content with respect to the final catalyst mass. After 

each impregnation, the catalyst was dried overnight at 100 °C and 

then calcined in air for 8 h at 800 °C with a 10 °C/min heating ramp 

in a muffle furnace. 

 Five catalysts were produced; the production route for each 

catalyst is shown in the table below. A standardized catalyst was 

prepared on commercial silica gel for comparison.  
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Table 3.5 Catalysts prepared and tested throughout this study. 

Catalyst Description 

P-CAT Supported on P-COK-12 

G-CAT 
Supported on P-COK-12, then pressed with 35 kN force for 1 
min using a 4 cm steel pressing die and granulated by hand and 
sieved to 200-300 µm 

GP-CAT Supported on GP-COK-12 

M-CAT Supported on M-COK-12 

Silica-CAT 
Supported on commercial silica gel (Davisil grade 636, pore size 6 
nm), sieved to 200-300 µm 

3.1.4.3 Catalytic performance tests 

Catalytic performance tests at standard OCM conditions 

Testing was carried out in a single fixed-bed reactor using 100 mg of 

catalyst diluted in 1.5 ml quartz sand which is used to dissipate heat. 

The reaction temperature was set up at 725°C for the first 5 hours, 

then 750°C for 5 hours and finally 775°C for 5 hours for a total of 

15 hours running time. The composition of the feed stream was 

fixed at CH4:N2:O2 of 4:4:1 with a flow rate of 60 ml/min. Synthetic 

air was used as the O2 source. These tests were carried out at the 

Chemical Reaction Engineering Group of the Technische 

Universität Berlin. 

Catalytic performance tests at lower reaction temperature 

The study of lower reaction temperatures for OCM was carried out 

in an 8-fold fixed bed reactor. The height of the catalyst bed was 

fixed at 30mm, for which 220-240 mg of catalyst were used without 

dilution. The composition of the feed stream was fixed at 
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CH4:N2:O2 of 85:10:5 with a flow rate of 60 ml/min. These tests 

were carried out at the BASF-UniCat joint lab (BasCat). 

Catalyst stability study 

For experiments regarding catalyst stability studies, an 8-fold fixed 

bed reactor was used. 100 mg of catalyst were used to form the 

catalyst bed without dilution. The composition of the feed stream 

was fixed at CH4:N2:O2 of 4:4:1 with a flow rate of 60 ml/min. 

Reaction temperature was fixed at 750°C. These tests were carried 

out at the BASF-UniCat joint lab (BasCat). 

3.2 Mesostructure and porosity of powder 

COK-12 

Details regarding the mesostructure and porosity of the reference 

material powder COK-12 (P-COK-12) are presented in this section. 

The properties described below are used throughout this work as a 

basis for comparison. 

3.2.1 Mesostructure and porosity of powder COK-

12: single batch synthesis 

SEM micrographs (Figure 3.1) revealed that P-COK-12 consists of 

agglomerates of particles roughly hexagonal in shape, with 

dimensions ranging between 200 and 500 nm.  

The type of porous mesostructure was studied with 

SAXRD, in terms of pore ordering and pore-to-pore distances in 

periodic arrays. Most mesoporous materials are disordered at the 

atomic scale (amorphous), and their XRD patterns result from the 

periodicity of mesopore arrays. In contrast to single crystals, the 

diffraction angles for mesoporous materials are small, due to the 

larger unit cells. Most SAXRD patterns of mesoporous materials
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 exhibit only one intense peak, with several broad peaks. These 

peaks are used as a fingerprint to identify the mesostructure.  

In the case of COK-12, which has 2D hexagonal p6m 

symmetry, the position (2θ value) of the first three peaks follows the 

relation 1:√3:2. Figure 3.2 shows the SAXRD pattern for as-calcined 

P-COK-12. Three clear peaks are visible, which were indexed as the 

(100), (110) and (200) peaks, with 2θ100 = 1.052°, 2θ110 = 1.800° and 

2θ200 = 2.039°, which satisfies the relation for p6m hexagonal 

symmetry. 

With this information, the interplanar spacing d between the 

(100) family of planes and the lattice parameter a were determined 

by means of Bragg’s law (equation 7) and the known relationship 

between d and the hexagonal crystal system (equation 12)50: 

 

 

Figure 3.1 SEM micrographs of as-calc ined P-COK-12. P-COK-12 
consists of agglomerates of hexagonal plate - like particles that range 

from 200 to 500 nm in size.  

a

500 nm

b

c d

2 µm

200 nm 50 nm
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Figure 3.2 Left : SAXRD pattern of as -calc ined P-COK-12-25X. 
Three peaks corresponding to p6m  hexagonal symmetry are indexed, 

indicat ing long-range order ing. Right: d-spacing, d 1 00=8.39 nm, 
d11 0=4.91 nm and d2 00=4.32 nm. 
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Figure 3.3 Schematic i l lustration of a 2D hexagonal p6m  symmetry 
for COK-12. The circles represent pores. The red lines correspond 

to the (100) family of planes.  The lattice parameter a corresponds to 
the distance between pore centers, and the interplanar spacing d1 0 0 

to the distance between the (100) family of planes.  

The d100 spacing then is: 
 

2d100 sin 𝜃100 = 𝑛𝜆 
 

With: 
 

n = 1 

λ = 0.15406 nm 

2θ100 = 1.052° 
 

Then: 
 

d100 = 8.39 nm 
 

The lattice parameter a for a hexagonal crystal system was calculated 

by: 
 

1

𝑑ℎ𝑘𝑙
2 =

4

3

ℎ2+ℎ𝑘+𝑘2

𝑎2 +
𝑙2

𝑐2 (12) 

 

With: 
 

dhkl = d100 = 8.39 nm 

h = 1 

k = 0 

l = 0 

d100

a
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Then: 

 

a = 9.69 nm 

 

In combination with TEM (see Figure 3.4), the periodicity 

and hexagonal ordering of the pores of P-COK-12 was confirmed. 

The pore diameter and wall thickness estimated by TEM are 5.0 nm 

and 3.9 nm, respectively. The distance between pore centers is 

approximately 9.8 nm, which is in agreement with the lattice 

parameter a calculated with SAXRD data. Furthermore, TEM 

images revealed an overview of the shape of the particles (Figure 3.4 

a,b), which are hexagonal in shape with defined edges. The 

distribution of the pores from a longitudinal point of view is shown 

in Figure 3.4 e. 

By nitrogen sorption analysis, further information regarding 

the pore shape, pore size distribution, pore volume and specific 

surface area was obtained. Figure 3.5 shows the adsorption-

desorption isotherm of as-calcined P-COK-12. The isotherm is a 

type IV isotherm with a type H1 hysteresis. This graphical overview 

reveals that the porous structure of P-COK-12 consists of an array 

of open cylindrical mesopores with a very narrow pore size 

distribution, confirmed by the steep adsorption branch of the 

hysteresis loop which indicates that capillary condensation occurs at 

a small relative pressure range. The specific surface area as 

determined by the BET method is 647.7 m2/g. The mean pore size 

distribution as determined by NLDFT is 6.1 nm (Figure 3.6). The 

pore volume estimated by NLDFT is 0.640 cc/g. The mesopore 

size distribution is in accordance with that estimated graphically by 

TEM. 
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Figure 3.4 TEM micrographs of as -calc ined P-COK-12. The shape of 
the particles as well as long -range 2D pore order ing can be seen in 
(a) and (b); (c) view from the top of the pores, (d) pore s ize (white , 

5.0 nm) and wall thickness (yellow, 3.9nm), (e) pore size, lateral view 
of cyl indr ical mesopores,  ( f) distance between pores (9.8  nm).  

a b

c d

e f

3.9 nm

5.0 nm

9.8 nm

200 nm 50 nm

20 nm 10 nm

10 nm 5 nm
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Figure 3.5 Nitrogen adsorption-desorption isotherm for as -calc ined 
P-COK-12 with microporosity reg ion. The isotherm is a type IV with 

H1 hysteresis , characterist ic of mesoporous materials .  

 

Figure 3.6 Pore s ize d istribut ion of as -calcined P-COK-12 as 
determined by the NLDFT method, revealing a pore radius of 3.0 

nm. Inlet: pore size distr ibut ion of micropores, with a 0.6 nm rad ius.  
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It is noteworthy to comment on the microporosity of 

COK-12, which has been previously reported20,63. In Figure 3.5, the 

initial gas uptake at low relative pressure indicates the presence of 

micropores, which was confirmed by the dual pore size distribution 

observed in Figure 3.6. There is a peak at the corresponding pore 

diameter of 1.2 nm (Figure 3.6 inlet), which is in accordance to that 

reported by Imperor-Clerc et. al for SBA-15 and analogous to 

COK-12, given that both materials are templated with P123106. They 

report the presence of a “corona” region that includes condensed 

silica and also the hydrophilic PEO tails of the templating agent 

P123, which upon calcination produce micropores within the silica 

walls. The microporosity of P-COK-12 represents 12 % of the total 

pore volume, or 0.083 cc/g of a total of 0.640 cc/g. 

3.2.2 Mesostructure and porosity of powder COK-

12: upscaled batch synthesis 

The powder COK-12 synthesis was upscaled to 25 to determine if 

any changes in the mesostructure of the material occur. SAXRD 

(Figure 3.7) revealed three peaks which were indexed as the (100), 

(110) and (200) reflections, with 2θ100 = 1.052°, 2θ110 = 1.756° and 

2θ200 = 2.075°, which satisfies the relation for p6m hexagonal 

symmetry. 

The periodicity and hexagonal ordering of the pores of P-

COK-12-25X were confirmed with TEM (Figure 3.8). The pore 

diameter, wall thickness and distance between pore centers 

estimated by TEM were 5.3 nm, 3.4 nm and 9.8, nm respectively. 

This is in agreement with the lattice parameter a (see  

Table 3.6). As for P-COK-12, the particle shape observed in 

TEM micrographs is hexagonal shape with defined edges (Figure 

3.8 a,b). 

Figure 3.9 shows the adsorption isotherm for P-COK-12-

25X. As in the case of P-COK-12, the isotherm is a type IV 

isotherm with a type H1 hysteresis, indicating open cylindrical 
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mesoporosity with a narrow pore size distribution. The specific 

surface area as determined by the BET method is 599.8 m2/g. The 

NLDFT (Figure 3.10) pore diameter is 6.6 nm. The pore volume as 

estimated by NLDFT is 0.626 cc/g, which is in line with that of P-

COK-12. 

 

 
 

 
 

Figure 3.7 Top: SAXRD pattern of as-calc ined P-COK-12-25X. 
Three peaks corresponding to p6m  hexagonal symmetry are indexed. 

Patterns have been normalized to the (100) peak and shifted for 
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comparison, P-COK-12 pattern is shown for comparison.  Bottom: d-
spacing , d1 0 0=8.39 nm, d1 1 0=4.97 nm, d 20 0=4.32 nm. 

 

Figure 3.8 TEM micrographs of as -calc ined P-COK-12-25X at 
different magnifications. The shape of the part icles as well as long -
range 2D hexagonal pore ordering can be seen in (a) , (b) view from 

the top of the pores, (c) pore s ize (green, 5.3 nm), wall thickness 
(yellow, 3.4nm) and distance between pores ( white , 9 .8 nm).  

 

Figure 3.9 Nitrogen adsorption-desorption isotherm for as-calc ined 
P-COK-12-25X. The isotherm is a type IV with H1 hysteresis , 
character ist ic of mesoporous materials . P-COK-12 isotherm is 

shown for comparison.  
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Figure 3.10 Pore size distribution of as -calcined P-COK-12-25X as 
determined by the NLDFT method , revealing a pore radius of 3.3 
nm. Pore size distribution of P-COK-12 is shown for comparison.  

Data shown in the relevant pore size range.  

 

Table 3.6 summarizes the properties of P-COK-12 and P-

COK-12-25X. Powder COK-12 is presented as the reference 

material and is used as a basis for comparison in order to determine 

the quality of monolithic and upscaled materials in terms of pore 

size and mesoscale ordering. 

Upon comparison of the results obtained for P-COK-12 and 

the upscaled P-COK-12-25X, no significant change in the 

properties of the material from larger-scale batch production was 

observed and production of up to 65 g was achieved. The successful 

and facile upscaling of P-COK-12 can be attributed to two factors:  

(i) mixing is not critical in COK-12 synthesis. Normally, 

mixing is crucial in OMS synthesis, for example for particle 

morphology control107 and to produce high quality materials using 

an inexpensive silica precursor108. However, obtaining the same 

mixing performance by using geometric similarity in small and large 

scale is very difficult, if not impossible. For similar mixer geometries 
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that differ only in scale, a number of macro and micro-scale 

phenomena occur that result in differences in flow pattern. For 

example the Reynolds numbers in the large tank will be higher, 

typically 5 to 25 times higher than in a small tank and the energy 

dissipation per unit volume around the impeller is much higher than 

in the rest of the tank109. For COK-12, however, Jammaer et. al. 

proposed that the material forms upon reaching a minimum silica 

content and not due to mixing. As was discussed in section 1.3.5, 

the limited degree of cross-linking of the silicate network in the 

PEO shells of P123-silica micelles produces flexible micelles, due to 

the strong PEO-silicate oligomer interaction. This flexibility in the 

micelle shells allows for fast aggregation and growth with increasing 

silica content. For this thesis, in the case of P-COK-12-25X 

synthesis, the use of an overhead mechanical stirrer was sufficient 

for mixing of the reagents and producing a highly ordered uniform 

material. 

(ii) the fact the synthesis takes place at room temperature 

implies that heat transfer is unnecessary. Any issues that arise from 

poor heat transfer in a larger volume, such as temperature gradients 

between the fluid nearest to the heat source and other parts of the 

fluid,  are circumvented by room temperature synthesis. 

The absence of the necessity of mixing and temperature control 

allows for the facile upscaling of powder COK-12, which has two 

main benefits: (i) a large amount of material with consistent 

properties can be synthesized and (ii) the synthesis of larger batches 

is less expensive. For studies requiring large amounts of OMS, 

consistent OMS properties must be ensured throughout to avoid 

introducing more variables into the study. This is achieved by 

synthesizing large quantities in a single batch. Furthermore, the 

production of a single large-scale batch is less expensive than 

producing multiple small-scale batches. Larger-scale OMS synthesis 

methods are necessary in order to develop OMS applications on an 

industrial scale. 
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Table 3.6 Properties of as-calcined P-COK-12 and P-COK-12-25X. Upscaling of 
the synthesis up to 25 times did not produce significant changes in the properties 
of the material. 

Material P-COK-12 P-COK-12 -25X 

Massa [g] 2.5 65.0 

d100
b [nm] 8.39 8.39 

ac [nm] 9.69 9.69 

PTEM
d [nm] 5.0 5.3 

WTEM
e [nm] 3.9 3.4 

Typef IV IV 

Hg H1 H1 

PDFT
h [nm] 6.1 6.6 

VDFT
i [cc/g] 0.640 0.626 

SBET
j [m2/g] 647.7 599.8 

a Final mass of as-synthesized material 
b Interplanar distance between (100) planes estimated by SAXRD 
c Lattice parameter estimated by SAXRD 
d Pore diameter estimated by TEM 
e Wall thickness estimated by TEM 
f Type of isotherm 
g Type of hysteresis 
h Pore diameter estimated by NLDFT 
i Pore volume estimated by NLDFT 
j Specific surface area estimated by BET 

3.3 Mesostructure and porosity of monolithic 

COK-12 

Processes that require the use of larger particulate OMS drove the 

need to produce a material with particles within the micron range, as 

opposed to powders. For this reason, the synthesis and upscaling of 

monolithic COK-12 was studied in this work, by acidification of the 

original synthesis method. The synthesis takes place at room 

temperature, using a buffered aqueous solution of P123 as a 

templating agent and sodium silicate as a silica precursor, with 

acidification by incorporating HCl immediately after sodium silicate. 

The solution was aged for 24 hours, after which a compact gel was 

formed which was then filtered, washed, dried and calcined in the
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same way as P-COK-12. Applications of M-COK-12 as a catalyst 

support are presented in section 3.4.  

 Due to acidification of the synthesis medium, a compact gel 

was formed which held the shape of the container after the required 

synthesis aging time of 24 h, however shrunken (i.e. it does not 

touch the sides of the container, see Figure 3.11 right). Transferring 

of the gel to the plastic Büchner funnel used for filtration resulted in 

breaking of the gel, and washing induced further breakage. After 

drying and calcination to remove the organic template, irregular 

hard particles ranging from a few micrometers to centimeters in size 

were obtained, as shown in Figure 3.12 (right).  

 

Figure 3.11 P-COK-12 slurry ( left) and M-COK-12 gel (middle and 
right) after aging for 24 h.  

 

Figure 3.12 Macroscopic morphology of  as-calc ined P-COK-12 ( left , 
fine powder) and as-calcined  M-COK-12 (right, large hard irregular 

particles with a broad size distribution).  

SEM micrographs (Figure 3.13) revealed that the 

morphology of M-COK-12 consists of an agglomerate of rod-like 



 

67 
 

3 Batch synthesis of COK-12 

particles similar to fibrous SBA-15110, with a diameter of 100-250 

nm for the sub particles and over 500 nm for the agglomerates. The 

particles are about 2.5 µm in length. The acidification of the 

synthesis media can promote crosslinking and therefore particle 

growth; the plate-like particles obtained for P-COK-12 grow in the 

direction of the pores, resulting in particles with a similar hexagonal 

shape with longer channels (2.5 µm for M-COK-12 vs. 250 nm for 

P-COK-12, Figure 3.1). 

 

 

Figure 3.13 SEM micrographs of as -calcined M-COK-12 reveal the 
rod-like morphology of part icles up to 2.5 µm in length .  

SAXRD (Figure 3.14) patterns of the original and upscaled 

M-COK-12 materials revealed three peaks which were indexed as 

(100), (110) and (200) reflections. Upscaling of the synthesis to 25 

times had no effect on the long-range ordering of this material. 

The periodicity and hexagonal ordering of the pores of M-

COK-12 materials were confirmed with TEM (Figure 3.15). The 

pore diameter, wall thickness and distance between pore centers of 

M-COK-12 estimated by TEM were 6.5, 3.8 and 10.3 nm 

respectively. For this thesis, the M-COK-12 batch synthesis was 

upscaled 25 times, yielding up to 65 g of material with a uniform 

pore size distribution of 6.1 nm. In contrast, the M-COK-12 

synthesis yields approximately 2.5 g of M-COK-12. 

For M-COK-12-25X, the pore diameter, wall thickness and 

distance between pore centers determined by TEM were 5.1, 3.1 

and 8.2 nm, respectively. These values are in agreement with the 

lattice parameters a calculated with SAXRD data (Table 3.8) and are 

within the expected range for materials templated with P123 under 

ba

200 nm500 nm
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the aforementioned synthesis conditions. As is the case for P-COK-

12, the particle shape corresponds to a hexagonal shape with 

defined edges (Figure 3.15 c). 
 

 

 

Figure 3.14 Top: SAXRD patterns of as-calc ined M-COK-12 and M-
COK-12-25X. Three peaks corresponding to p6m  hexagonal 

symmetry are indexed. Patterns have been normalized to the (100) 
peak and shifted for comparison, Bottom: d-spacing for M-COK-12 

d10 0=8.23 nm, d 11 0=5.06 nm, d 20 0=4.43 nm; for M-COK-12-25X 
d10 0=7.52 nm, d 11 0=4.83 nm, d 20 0=4.17 nm. 
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Figure 3.15 (a) TEM of as-calcined M-COK-12. Pore diameter , wal l 
thickness and distance between pore centers are  6.5, 3.8 and 10.3 nm 
respectively (b) TEM of as-calcined M-COK-12-25X. Pore diameter, 
wal l thickness and distance between pore centers are 5.1 , 3.1 and 8.2 

nm, respect ively .  

N2 adsorption analysis (Figure 3.16) revealed that the 

adsorption isotherm of M-COK-12 and M-COK-12-25X are type 

IV isotherms with type H1 hysteresis, indicating open cylindrical 

mesoporosity with a narrow pore size distribution, as is expected. 

The specific surface areas determined by the BET method are 

346.83 m2/g for M-COK-12 and 439.5 m2/g for M-COK-12-25X. 

This significant decrease in surface area with respect to that of P-

COK-12 was attributed to a decrease in the contribution of 

microporosity to the overall surface area, evident in the shift of the 

isotherms to lower values of adsorbed volume at a low relative 

pressure range (Figure 3.17, detail of micropore region). The loss of 
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microporosity in M-COK-12 materials is likely due to the formation 

of a compact gel after aging. Washing of M-COK-12 compact gels 

is less effective than washing of powders, resulting in higher 

concentration of residual sodium from the silica source and the 

buffer solution (Table 3.7). Upon calcination, the residual sodium 

ions may migrate into the amorphous silica matrix and produce a 

phase transformation, which in turn results in the collapse of smaller 

pores. 

 

Figure 3.16 Nitrogen adsorpt ion-desorpt ion isotherms for as -
calc ined M-COK-12 and M-COK-12-25X. The isotherms are type IV 
with H1 hysteresis, character ist ic of mesoporous materials. P -COK-

12 isotherm is shown for comparison.  

Table 3.7 Sodium content in relation to silica of P-COK-12 and M.COK-12 
determined by ICP-OES. 

Material mol Na/mol Si 

P-COK-12 0.002 

M-COK-12 0.051 
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Figure 3.17 Detai l of micropore region of nitrogen adsorption -
desorpt ion isotherm of as -calcined M-COK-12. P-COK-12 isotherm 

is shown for comparison. A loss in microporosity is observed 
evidenced by a lower uptake of nitrogen in the low relative pressure 

range.  

 

Figure 3.18 Pore size distribution of as -calcined M-COK-12 as 
determined by the NLDFT method , revealing a pore radius of 3.3  

nm. 
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Figure 3.18 shows the pore size distribution of M-COK-12, 

confirming the absence of micropores. The NLDFT pore diameters 

of M-COK-12 and M-COK-12-25X are 6.6 and 6.1 nm, 

respectively. The pore volume of M-COK-12 and M-COK-12-25X 

are 0.483 and 0.520 cc/g, respectively. The decrease in pore volume 

with respect to P-COK-12 is due to the absence of micropores in 

M-COK-12 materials (Table 3.8). 

It is worthwhile discussing the impact of the loss of 

microporosity, specifically in materials templated with P123. Smith, 

et. al.111 conducted a study regarding the catalytic behavior of 

vanadia supported on SBA-15. The microporosity of SBA-15, 

referred to as surface roughness, was eliminated by a two-step 

calcination at 600° and then 700° or 850 °C to yield a smooth 

surface. They proposed that surface roughness results in differences 

in the local density of surface hydroxyl groups of SBA-15, which in 

turn results in the formation of different vanadia species with 

different catalytic behavior. Therefore, the direct synthesis of an 

OMS material such as M-COK-12 could be promising for such 

applications. The second calcination step is unnecessary, and large 

particles are obtained without post-processing, which is desirable for 

larger-scale catalytic applications. 

Table 3.8 Properties of as-calcined M-COK-12 and M-COK-12-25X presented in 
comparison to P-COK-12.  

Material P-COK-12 M-COK-12 M-COK-12-25X 

Massa [g] 2.5 2.2 60.0 

d100
b [nm] 8.39 8.23 7.52 

ac [nm] 9.69 9.50 8.68 

PTEM
d [nm] 5.0 6.5 5.1 

WTEM
e [nm] 3.9 3.8 3.1 

Typef IV IV IV 

Hg H1 H1 H1 

PDFT
h [nm] 6.1 6.6 6.1 

VDFT
i [cc/g] 0.640 0.483 0.520 

SBET
j [m2/g] 647.7 346.8 439.5 

a-j See Table 3.6 
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Table 3.8 summarizes the properties of M-COK-12 and M-

COK-12-25X in comparison to the standard P-COK-12. Powder 

COK-12 is presented as the reference material and is used as a basis 

for comparison in order to determine the quality of monolithic and 

upscaled materials in terms of pore size and mesoscale ordering. 

In this study, the decision to produce large ordered 

mesoporous silica particles was driven by the necessity of larger 

particles (as opposed to powder) to use as a catalyst support for the 

oxidative coupling of methane. Ordered mesoporous silica 

monoliths have been previously prepared either by direct 

synthesis105,112 or by post-synthesis processing of OMS 

powders12,113, yielding monoliths with defined shapes that, unless 

stabilized by encapsulation with polymeric networks114,115 or physical 

barriers (inside HPLC columns102, for example), are fragile and can 

crack easily. The shape of monolithic COK-12 was irrelevant for the 

present study, given that irregular particles are acceptable for use as 

a catalyst support as long as they are within the desired particle size 

range. 

It is well established that acidification of the synthesis of 

silica materials prepared with sodium silicate promotes cross-linking 

and gel formation116. Enhanced crosslinking under acidic media 

could be responsible for the formation of stable agglomerates of M-

COK-12 particles. It has been demonstrated that at low pH, the 

polycondensation rate of orthosilicic acid (which is the silica 

precursor to COK-12) decreases with decreasing pH117. This 

decrease in the polycondensation rate and therefore relatively faster 

hydrolysis rate results in more availability of reactive –OH groups, 

which in turn promotes further polycondensation resulting in 

particle growth during aging. 

In addition to the formation of centimeter-sized particles, it 

is important to discuss the growth of M-COK-12 primary particles 

in comparison to P-COK-12 primary particles. Under normal 

synthesis conditions, the formation of COK-12 occurs immediately 

upon mixing the sodium silicate solution and the buffered P123 

solution. Acidification with HCl directly after mixing the sodium
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silicate and P123 solution appears to promote particle growth in the 

direction parallel to the pores, as see in Figure 3.13. P-COK-12 

(Figure 3.1) exhibits a plate-like structure with pores ~250 nm in 

length, which corresponds to the thickness of the particles. 

However, the primary particles of M-COK-12 have pores up to 

2.5µm in length, while maintaining the same pore diameter and high 

degree of ordering. These primary particles in turn agglomerate, 

forming hard particles up to centimeter sizes. A study regarding the 

morphologies of large pore periodic mesoporous organosilicas118 

gives some insight into the possible formation mechanism of M-

COK-12. This study suggests the formation of silica-P123 seeds 

upon mixing the reagents, which aggregate to form nuclei. The 

nuclei continually grow due to polycondensation, with preferential 

growth on the long axis of the particle (parallel to the pores). This 

preferential growth along the long axis was attributed to severe 

passivation of hydroxyl groups at the surface of the particle as 

opposed to at the ends of the particle, where the hydroxyl groups 

are relatively shielded from the acid by the P123 micelles. As a 

result, growth along the long axis was able to proceed for a longer 

time resulting in particles with long major axes. 

Upon comparison of the results obtained for M-COK-12 and 

the upscaled M-COK-12-25X, no significant change in the 

properties of the material from larger-scale batch production was 

observed and production of up to 60 g was achieved. The successful 

and facile upscaling of P-COK-12 can be attributed to the 

nonessential mixing and temperature control, as discussed in the 

previous section. 

3.4 COK-12 as a catalyst support for the 

oxidative coupling of methane 

In this work, COK-12 has been used as a catalyst support for the 

Na2WO4-Mn/SiO2 system for the oxidative coupling of methane 

reaction (OCM)119. Catalyst characterization before and after OCM 
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is presented in this section, as well as a study of the catalytic 

performance in a fixed bed reactor. Three different COK-12 

supports are studied: powder COK-12 (see section 3.2), granular 

COK-12 produced by monolithic COK-12 synthesis (see section 

3.3) and granular COK-12 produced by pressing (presented here). 

3.4.1 Catalyst composition and structure 

3.4.1.1 Catalyst structure before OCM 

Pressed COK-12 mesostructure 

SEM micrographs (Figure 3.19) indicated that pressing produces 

breakage of the P-COK-12 particles. There is evidence of hexagonal 

plate-like particles characteristic of P-COK-12, as well as scattered 

residues that are the result of crushing at high pressure.  

 

Figure 3.19 SEM micrographs of as -pressed GP-COK-12.  Breakage 
of hexagonal P-COK-12 part icles occurs due to pressing (a -2) .  

SAXRD (Figure 3.20) patterns of GP-COK-12 revealed 

three peaks which were indexed as (100), (110) and (200) reflections. 

The intensity of (110) and (200) reflections is lower in comparison 

to those of P-COK-12, indicating a loss of long-range ordering, 

probably due to the collapse of pores as a result of pressing, which 

is visible in TEM micrographs of GP-COK-12 (Figure 3.21 c). 

500 nm

a-1 a-2

200 nm
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Figure 3.20 Left: SAXRD pattern of as-pressed GP-COK-12. Three 
peaks corresponding to p6m  hexagonal symmetry are indexed. 

Patterns have been normalized to the (100) peak and shifted for 
comparison, P-COK-12 pattern is shown for comparison. Right : d -

spacing d 10 0=8.70 nm, d 11 0=5.1 nm, d 2 0 0=4.32 nm. 
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Figure 3.21 TEM micrographs of as-pressed GP-COK-12 showing (a) 
ordered (top arrow) and disordered (bottom arrow) regions, (b) 

ordered reg ion (c) loss of ordering due to pressing.  

N2 adsorption analysis (Figure 3.22) revealed that GP-

COK-12 exhibits a type IV isotherm with type H1 hysteresis. The 

specific surface area determined by the BET method is 579.2 m2/g, 

with a pore diameter of 6.6 nm and a pore volume of 0.536 cc/g. A 

decrease in pore volume and surface area were observed for GP-

COK-12, with an increase in the mean pore size distribution, which 

are all attributed to the collapsed pores (Figure 3.23). 
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Figure 3.22 Nitrogen adsorpt ion-desorpt ion isotherm of as-pressed 
GP-COK-12. The isotherm is a type IV with H1 hysteresis, 

character ist ic of mesoporous materials .  

 

Figure 3.23 Pore size distribution of as-pressed GP-COK-12 as 
determined by the NLDFT method , revealing a pore radius of 3.3 

nm. Data shown in the relevant pore size range.  
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The properties of the pressed material GP-COK-12 are 

summarized in Table 3.9 Pressing P-COK-12 to produce granulated 

GP-COK-12 yields a loss of long-range ordering. A decrease of 

pore volume and surface area due to the collapse of pores under the 

high pressure was observed for GP-COK-12. 

Table 3.9 Properties of GP-COK-12. Pressing of P-COK-12 to produce GP-COK-
12 results in a loss of mesoscale ordering, pore volume and surface area. 

Material P-COK-12 GP-COK-12 

d100
a [nm] 8.39 8.70 

ab [nm] 9.69 10.05 

Typec IV IV 

Hd H1 H1 

PDFT
e [nm] 6.1 6.6 

VDFT
f [cc/g] 0.640 0.536 

SBET
g [m2/g] 647.7 579.2 

a Interplanar distance between (100) planes estimated by SAXRD 
b Lattice parameter estimated by SAXRD 
c Type of isotherm 
d Type of hysteresis 
e Pore diameter estimated by NLDFT 
f Pore volume estimated by NLDFT 
g Specific surface area estimated by BET 

Catalyst composition and structure 

SEM micrographs (Figure 3.24) revealed a macroporous 

morphology of fresh catalysts which is characteristic for this 

catalytic system120. An increase of the amount of large crystallites on 

the surface of Silica-CAT (Figure 3.24 d) can be observed. These 

crystallites have been identified as Mn2O3
91.  
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Figure 3.24 SEM micrographs of fresh catalysts : (a) P-CAT, (b) G-
CAT, (c) GP-CAT, (d) Si l ica -CAT. There is an increase in the 

amount of large crystall ites on the surface of Si l ica -CAT, which have 
been ident if ied as the Mn 2O 3  phase.  

Elemental EDX mapping of the catalytic elements on each 

catalyst surface confirms a finer distribution on catalysts supported 

on P-COK-12 and M-COK-12 as opposed to that supported on 

commercial silica gel (Figure 3.25).  This finer distribution was 

attributed to the ordered mesostructure of COK-12 supported 

catalysts prior to calcination. The distribution of catalytic 

components on GP-CAT and G-CAT is less fine, in all likelihood 

due to processing of the catalysts via pressing. 
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Figure 3.25 Elemental mapping on fresh catalyst surface by energy -
dispersive X-ray spectroscopy (atomic percentage) , Na (pink) , W 

(green), Mn (red).  Bar represents 10 µm.  

Elemental analysis of the catalysts carried out by ICP-OES 

corroborated the composition of the fresh catalysts (see Table 3.10). 

There is an excess of sodium present in M-CAT. As was discussed 

in section 3.3, this is attributed to a less efficient washing of M-

COK-12, resulting in higher concentration of residual sodium from 

the silica source and the buffer solution. 
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Table 3.10 Elemental composition of fresh catalysts determined by ICP-OES. 

Catalyst Na [at%] W [at%] Mn [at%] Si [at%] 

Theoretical 2.38 1.19 2.20 94.22 

P-CAT 2.71 1.19 2.38 93.71 

G-CAT 3.86 1.25 2.31 92.58 

GP-CAT 3.43 1.10 2.18 93.28 

M-CAT 8.47 1.18 2.47 87.87 

Silica-CAT 2.94 1.24 2.55 93.27 

 

XRD measurements reveal α-cristobalite to be the main 

silica phase in all catalysts, with quartz as a secondary silica phase 

(Figure 3.26). It has been reported that for the Na2WO4-Mn/SiO2 

catalyst, a phase transformation of the silica phase occurs, from 

amorphous silica (as-impregnated catalyst) to crystalline silica91. This 

phase transformation is due to the migration of sodium ions into 

the silica matrix, which in turn decrease the phase transformation 

temperature of silica to as low as 750°C. The calcination process for 

the catalyst preparation used in this work requires 800°C, ensuring 

that amorphous silica is crystalized. For all catalysts except M-CAT, 

sodium tungstate was identified as the main Na-W phase. In the 

case of M-CAT, sodium is present in the form of sodium 

manganese oxide, while tungstate appears as tungsten trioxide. 

Manganese also appears in the form of bixbyite (or braunite, similar 

diffraction pattern to Mn2O3) for all catalysts. 

Along with this phase transformation, the porous 

mesostructure of COK-12 and commercial silica supports collapsed, 

resulting in a loss of mesoporosity, as confirmed by nitrogen 

sorption analysis (Figure 3.27). The fresh catalysts have a surface 

area between 2 and 3 m2/g (Table 3.11). 
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Figure 3.26 XRD patterns of fresh catalysts. The main phase in all  
catalysts is cr istobal ite , which appears as a result of phase 

transformat ion from amorphous si l ica due to the presence of sodium 
ions which decrease the phase transformation temperature. For all  

catalysts except M-CAT, sodium tungstate was identified as the main 
Na-W phase. In the case of M-CAT, sodium is present in the form of 

sodium manganese oxide, while tungstate appears as tungsten 
trioxide. Manganese also appears in the form  of bixbyite (or 

braunite) for all  catalysts . Patterns have been normalized to the 
cristobal ite peak for comparison.  

Sodium Tungstate (Na2WO4) 

ICDD 01-074-2369

Cristobalite (SiO2) 

ICDD 00-039-1425

Tungsten Trioxide (WO3) 

ICDD 00-041-0905

Quartz (SiO2) 

ICDD 01-070-3755

Bixbyite-C (Mn2O3) 

ICDD 00-041-1442

Braunite (MnMn6SiO12) 

ICDD 01-071-1791

Sodium Manganese Oxide (NaMNO3) 

ICDD 01-073-0156
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The phase transformation from amorphous to crystalline 

silica has been reported as critical to obtain catalysts with a high 

selectivity towards C2 products (ethylene and ethane) in the 

oxidative coupling of methane86. It was proposed that, as opposed 

to using α-cristobalite as a support, the use of amorphous silica and 

therefore the generation of cristobalite in situ is related to an 

improved dispersion, or even chemical bonding, of the sodium on 

the cristobalite surface. 

 

Figure 3.27 Nitrogen adsorpt ion-desorpt ion isotherms of fresh 
catalysts .  A loss of surface area due to the collapse of the 

mesostructure of the support  is observed.  
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The density of all catalysts was determined by gas 

pycnometry measurements (Table 3.11). It is noteworthy to mention 

the lower density of P-CAT of 1.93 g/ml with respect to other 

catalysts (2.30-2.72 g/ml), which exhibit a higher density due to 

processing. 

Table 3.11 Specific surface area and density of fresh catalysts. 

Catalyst SBET
 [m2/g] ρ [g/cm3] 

P-CAT 2.0 1.93 

G-CAT 2.7 2.47 

GP-CAT 2.1 2.30 

M-CAT 2.4 2.72 

Silica-CAT 2.8 2.55 

 

Five catalysts were prepared for this study, four supported 

on variations of COK-12 and one supported on commercial silica 

gel (Table 3.4). For all catalysts, a phase transformation from 

amorphous silica to cristobalite was observed upon calcination at 

800°C, which occurs due to the presence of sodium ions that 

decrease the phase transformation temperature to as low as 750°C. 

The surface area of the catalysts decreases with respect to the 

surface area of the mesoporous silica support as a result of this 

phase transformation from around 600 m2/g to 2 m2/g. Catalysts 

exhibit different densities, with P-CAT having the lowest density 

(1.93g/cm3). This is expected given that no post-processing was 

carried out for P-CAT preparation and it is the only catalyst used for 

testing in powder form, as opposed to the granular catalysts (G-

CAT, GP-CAT, M-CAT, Silica-CAT). 

3.4.1.2 Catalyst structure after OCM 

After testing in OCM, the macroporosity of the catalysts in 

comparison to the fresh catalysts is similar (fresh catalysts: Figure 

3.24, used catalysts: Figure 3.28). Elemental mapping suggests that 

during OCM, melting of the catalytic components may occur, 
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resulting in subsequent agglomeration that can yield areas with a 

greater concentration of active components in comparison to fresh 

catalysts (Figure 3.29).  

 

 

Figure 3.28 SEM micrographs of used catalysts after 15 hours and up 
to 775°C on stream: (a) P -CAT, (b) G-CAT, (c) GP-CAT, (d) Si l ica -

CAT. Catalyst particles are mixed with quartz sand as a diluting 
agent (background in a, b and c).  

The formation of a melt explains the loss of crystallites on 

the surface of used catalysts in comparison to fresh catalysts. This 

formation of a melt for Na/W/Mn/SiO2 composites under OCM 

conditions has been studied by Nipan121. Koirala et. al.93 also suggest 

the formation of a melt with increasing temperature during OCM, 

given that the melting temperature of Na2WO4 is about 700°C. This 

is expected to produce a change in the surface concentration of 

active components, due to their potential coverage by a 

homogeneous layer of melt. 
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Figure 3.29 Elemental mapping on used catalyst surface after 15 
hours and up to 775°C on stream by energy-dispersive X-ray 

spectroscopy (atomic percentage) , Na (pink) , W (green) , Mn (red) . 
Agglomerat ion of catalytic e lements on the catalyst surface as a 

consequence of melting during OCM occurs. For P -CAT: bar 
corresponds to 5 µm. For G-CAT, GP-CAT and Si l ica-CAT: bar 

corresponds to 10 µm.  

XRD patterns of used P-CAT reveal that silica is present as 

cristobalite and quartz, while a secondary quartz phase 

corresponding to the crystalline dilutant is also observed (Figure 

3.30). Tungsten is present as manganese tungsten oxide, confirming 

the appearance of a new phase. A sodium phase could not be 

identified in the XRD pattern of used catalyst. Literature data 

indicates that sodium can interact strongly with SiO2
122. With this in 

mind, the apparent loss of sodium in the spent catalyst can be 

attributed to three factors: (i) sodium migrates to the quartz reactor 

walls, (ii) sodium migrates to the quartz dilutant and (iii) sodium 

diffuses into the silica matrix of the catalyst, as suggested by Elkins, 

et. al96. The re-formation of Na2WO4 following re-oxidation of the 
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used catalyst was reported by Sadjadi, et. al.120, indicating that 

sodium is not lost during OCM but could be present as Na2O in the 

bulk of the catalyst. 

 

Figure 3.30 XRD patterns of used P-CAT after 15 hours and up to 
775°C on stream. Manganese tungsten oxide appears as a new phase 
and a sodium phase cannot be identified, probably due to diffusion 
of sodium ions to the different s i l ica matrices ( di lutant , reactor and 
bulk catalyst) . An intense quartz peak corresponding to the di lutant 

with a preferred orientat ion can be observed.  

The information obtained by characterization of used P-

CAT suggests the formation of a new phase (manganese tungsten 

oxide) after OCM. This can explain the loss of crystallites on the 

catalyst surface, as well as the possible formation of a melt during 

OCM that covers the surface of the catalyst. No sodium phase 

could be identified by XRD, possibly due to the migration of 

sodium into either the quartz reactor walls, the quartz dilutant or the 

Quartz (SiO2) ICDD 01-070-3755

Cristobalite (SiO2) 

ICDD 00-039-1425

Manganese Tungsten Oxide (MnWO4) 

ICDD 01-080-0133

Quartz (dilutant)
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bulk silica of the catalyst, given the strong interaction that is 

expected between sodium and SiO2.  

3.4.2 Catalyst performance in the oxidative coupling 

of methane 

The catalysts were tested in terms of their activity under normal 

OCM conditions, at lower reaction temperature and to study their 

stability at prolonged times on stream. Three experiments were 

conducted, as summarized in Table 3.12. 

Table 3.12 Description of catalytic testing experiments and catalysts used for each 
experiment. 

Experiment Brief description Catalysts used 

Catalytic performance tests at 
standard OCM conditions 

Between 725-775°C 
P-CAT, GP-CAT, G-

CAT, Silica-CAT 

Catalytic performance tests at 
lower reaction temperature 

Between 500-725°C 
P-CAT, GP-CAT, M-

CAT, Silica-CAT 

Catalyst stability study 
750°C, 200 h on 

stream 
P-CAT, GP-CAT, Silica-

CAT 

3.4.2.1 Catalytic performance at standard OCM conditions 

As can be seen in Figure 3.31, P-CAT has a maximum conversion 

of methane of 24 % with a maximum C2 selectivity of 60.5 % at the 

highest temperature (775°C, Table 3.13). Between 5 and 10 h on 

stream, which corresponds to a reaction temperature of 750°C, P-

CAT exhibits a methane conversion of 15.5 %, which is slightly 

higher than that reported for the analogous catalyst supported on 

SBA-15 at the same temperature (14 %)97.  
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Likewise, Yildiz, et. al. reported a total selectivity to C2 at 

750°C of 65 % using the SBA-15 supported catalyst97. The most 

interesting aspect of this finding was not only the high selectivity, 

but the fact that both the selectivity and the methane conversion 

were higher than that of the catalyst supported on commercial silica 

gel (equivalent to Silica-CAT), which had a total selectivity to C2 of 

50 %. In the present study (Figure 3.31) it was found that at 750°C, 

the total selectivity to C2 of P-CAT reaches 54 %, which is lower 

than the selectivity of Silica-CAT (63 %). This finding corresponds 

to the “upper bound” limit predicted for OCM, in which an increase 

in methane conversion is accompanied by a decrease in selectivity. 

A decrease of conversion is observed for G-CAT in 

comparison to P-CAT, which correlates with an increase in the 

density of the catalyst, i.e., the higher the catalyst density, the lower 

the methane conversion at the same reaction conditions. 

Furthermore, P-CAT exhibits a higher selectivity to ethylene than 

ethane in comparison with the granular catalysts (G-CAT, GP-CAT, 

Silica-CAT), which can be attributed to extended gas phase 

reactions that occur within the catalyst bed. For catalysts with a 

lower density, the catalyst bed height increases for the same catalyst 

mass, resulting in a longer residence time of reagents and products 

in contact with the catalyst, promoting further reactions. 

An increase in conversion of CH4 was obtained for G-CAT 

and GP-CAT in comparison to Silica-CAT, due to the finer 

dispersion of catalytic components on the surface for catalysts 

prepared on an ordered mesoporous support. 



 

91 
 

3 Batch synthesis of COK-12 

 

Figure 3.31 Conversion and selectivity to C 2 products of Sil ica-CAT, 
P-CAT, GP-CAT and G-CAT. An increase of 25°C is carried 

out each 5h. CH4 :N 2 :O 2 ratio was 4:4:1 with a f low rate of 
60 ml/min. 
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Table 3.13 Catalytic activity tests: maximum methane conversion and selectivity to 
C2 products at 775°C after 15 h. 

Catalyst 
CH4  

conversion  
[%] 

Total C2 

selectivity  
[%] 

C2H4  
selectivity  

[%] 

C2H6  
selectivity  

[%] 

P-CAT 24.0 60.5 33.5 27.0 

G-CAT 9.2 73.0 28.0 45.0 

GP-CAT 10.9 74.1 26.2 47.9 

Silica-CAT 7.2 75.5 27.6 47.9 

3.4.2.2 Catalytic performance at lower reaction temperature 

In Figure 3.32, the conversion of methane and selectivity to C2 

products for OCM carried out at lower reaction temperatures 

without dilution is presented. It is clear that for the case of M-CAT, 

activation of the catalyst occurred at a lower temperature (~550°C) 

than the rest of the catalysts. However, after 680°C there is a 

decrease in conversion with temperature increase for M-CAT. At 

this temperature, the conversion of methane of M-CAT reaches 7 % 

with a selectivity of 76 %, which is similar to that reported for 

Na2WO4-Mn/SiO2 catalysts albeit at higher reaction temperatures. 

Overall materials supported on COK-12 have a lower activation 

temperature in comparison to Silica-CAT. 

A decrease in the activation and reaction temperature of 

OCM catalysts, such as that observed for M-CAT, could prove a 

great economic advantage for the potential application of these 

catalysts in an industrial OCM process. 
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Figure 3.32 Conversion of methane and total select ivity to C 2 
products at lower react ion temperature . CH4 :N 2 :O2 rat io was fixed at 

85:10:5 with a flow rate of 60 ml/min  without dilut ion of the 
catalyst bed. Conversion of methane occurs at temperatures as low 

as 550°C for M-CAT. 

3.4.2.3 Catalyst stability after prolonged time on stream 

Figure 3.33 illustrates the behavior of selected catalysts for longer 

reaction times in OCM. Although high conversions are initially 

reached, especially for GP-CAT, there appears to be a sudden 

deactivation of the COK-12 supported catalysts in comparison to 

0.0%

2.5%

5.0%

7.5%

10.0%

500 575 650 725

C
o

n
ve

rs
io

n
 o

f 
C

H
4

(%
)

Temperature (°C)

Silica-CAT P-CAT GP-CAT M-CAT

0%

25%

50%

75%

100%

500 575 650 725T
o

ta
l 

se
le

c
ti

vi
ty

 t
o

 C
2
 (

 %
)

Temperature / °C

Silica-CAT P-CAT GP-CAT M-CAT

0.0%

2.5%

5.0%

7.5%

10.0%

500 575 650 725

C
o

n
ve

rs
io

n
 o

f 
C

H
4

(%
)

Temperature (°C)

Silica-CAT P-CAT GP-CAT M-CAT

0%

25%

50%

75%

100%

500 575 650 725T
o

ta
l 

se
le

c
ti

vi
ty

 t
o

 C
2
 (

 %
)

Temperature / °C

Silica-CAT P-CAT GP-CAT M-CAT



 

94 
 

3.4 COK-12 as a catalyst support for the oxidative coupling of methane 

Silica-CAT, indicating that the long-term stability should be 

improved. This drop in activity is most notable for GP-CAT, 

reaching initial methane conversions of up to 26 % which decrease 

to less than 10 % after 100 hours on stream.  

 

 

Figure 3.33 Conversion of methane and total select ivity to C 2 
products at prolonged t ime on stream.  React ion carried out at 750°C 

with a CH 4 :N2 :O 2 ratio of 4:4:1 and 60 ml/min flow rate  without 
dilution of the catalyst bed . Deactivation of the catalysts after 

prolonged time on stream is observed.  

Catalyst deactivation can be attributed to the formation of 

hotspots within the catalyst bed, which is common when no dilutant 

is used to dissipate heat. The formation of hotspots leads to 
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runaway temperatures within the catalyst bed, which deactivate the 

catalyst and produce particle agglomeration. 

In spite of the loss of activity after prolonged times on 

stream, the activity of P-CAT and GP-CAT is higher than that of 

Silica-CAT, with similar selectivity to C2 products for all three 

catalysts, indicating a superior performance.  

3.5 Conclusions and outlook 

The ordered mesoporous silica material COK-12 was successfully 

upscaled with no significant change in the properties of the material, 

achieving a production of up to 65 g of material. The material is 

synthesized at room temperature and precipitation of the solid 

occurs immediately under the synthesis conditions. With this in 

mind, the success of upscaling was attributed to the absence of 

temperature and mixing control necessary for COK-12 synthesis, 

which would otherwise complicate the upscaling of any process. 

Monolithic COK-12 (M-COK-12) was successfully 

synthesized by acidification of the original COK-12 synthesis, 

yielding irregular hard particles ranging from a few micrometers to 

several centimeters in size, which are agglomerates of sub particles 

of up to 2.5 µm in length and 500 nm in diameter. Upon 

comparison of the results obtained for M-COK-12 materials, the 

only significant change in the porosity of the material is a loss of 

microporosity, resulting in a decrease of the total pore volume and 

specific surface area in comparison to P-COK-12. The direct 

synthesis of a monolithic OMS with significantly less microporosity 

in comparison to P123-templated counterparts could be of great 

relevance for studies in catalysis. Furthermore, M-COK-12 synthesis 

was also successfully upscaled, yielding up to 60 g of material. 

COK-12 was used in various forms as a support for the 

Na2WO4-Mn catalyst, for testing in the oxidative coupling of 

methane (OCM). All fresh catalysts exhibited a loss of mesoporosity 

and surface area due to the phase transformation of amorphous to 

crystalline silica in the form of cristobalite. This phase
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transformation has been reported as critical to obtain high selectivity 

to C2 products in OCM.  

Na2WO4-Mn/SiO2 catalysts supported on COK-12 were 

tested to determine their activity, resulting in excellent conversion 

and selectivity to C2 products when the catalyst was used in powder 

form, up to 24 % methane conversion with 61 % C2 selectivity at 

775°C. The catalyst supported on monolithic COK-12 can be 

activated at temperatures below 575°C, which is desirable for 

industrial application. A loss of activity was observed for COK-12 

supported catalysts after several hours of use, with deactivation of 

the catalysts within the first 50 hours on stream. This deactivation 

was attributed to runaway temperatures within the catalyst bed due 

to the formation of hotspots. Nonetheless, COK-12 supported 

catalysts exhibit a superior performance to the standard Silica-CAT 

even after deactivation.  

The characterization of the catalyst supported on powder 

OCM after reaction reveals a new crystalline phase as well as the 

absence of a sodium phase, which is likely due to the diffusion of 

sodium ions into the various silica matrices available (quartz reactor 

walls, quartz dilutant, bulk silica of the catalyst).  

The excellent performance of the Na2WO4-Mn/SiO2 

catalyst supported on powder and monolithic COK-12 in terms of 

high yield and activation at lower temperatures, respectively, is of 

great significance in ongoing OCM research. The relatively 

inexpensive synthesis of powder and monolithic COK-12 support, 

in comparison to its analog OMS material SBA-15, represents an 

important development in OCM catalyst research. Moreover, the 

facile upscaling of powder and monolithic COK-12 make this 

material an attractive candidate for use as a catalyst support in pilot 

plant research. Further investigations regarding post-processing of 

these materials for possible industrial application (pelletizing, 

granulation, etc.), coupled with reactor engineering and processing, 

will contribute to the development of OCM technology, paving the 

way for industrial application. 
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4 Tailoring the mesostructure of 

COK-12 

An attractive characteristic of the synthesis of ordered mesoporous 

silica (OMS) materials prepared by soft templating is the ability to 

tailor the mesostructure with the use of micellar swelling agents. 

Depending on the templating agent selected, micellar swelling 

agents that solubilize within the micelle cores can be used to expand 

the size of the micelles and produce micellar phase transitions. This 

versatility expands the potential application of OMS materials, e.g. 

for use in adsorption/separation of bulky molecules123,124 or 

immobilization of enzymes125.  

 The motivation behind the studies presented in this chapter 

was to test the flexibility of the COK-12 synthesis in terms of pore 

enlargement by the incorporation of micellar swelling agents. Two 

swelling agents were chosen: hexane, which has been reported as an 

effective swelling agent37,43, and polypropylene glycol (PPG), which 

was demonstrated to enlarge the pores of SBA-15126. 

Interestingly, an increase in the pore size was not the only 

phenomenon observed, but also a mesophase change in COK-12. 

The use of hexane resulted in the formation of a mesocellular foam 

(MCF) and the use of PPG produced a mesophase change from 

hexagonal to multilamellar vesicular (MLV). The studies regarding 

the use of hexane to produce MCF and PPG to produce MLV are 

presented in this chapter. Both studies are based on the synthesis of 

COK-12; powder COK-12 is presented as the reference material 

and is used as a basis for comparison. The work presented in this 

chapter can be found in ‘Tailoring of ordered mesoporous silica
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COK-12: Room temperature synthesis of mesocellular foam and 

multilamellar vesicles’, Micro. Meso. Mater., 2018, 267, 142-149. 

4.1 Materials synthesis 

The synthesis of silica MCF and MLV materials is based on 

the synthesis of COK-12 (section 3.1.1), with swelling agent 

incorporation. The templating agent (P123) is dissolved in water at 

room temperature. After P123 dissolution and before incorporation 

of the buffer, a certain amount of n-hexane (Roth) or polypropylene 

glycol (PPG, average molecular weight ~2000 mol/g, Sigma-

Aldrich) was added (Table 4.1 and Table 4.2)after which the buffer 

is added. The sodium silicate solution is then added and immediate 

precipitation is observed. After aging for 24 hours the materials 

were washed with water, filtered, dried and calcined at 500°C to 

remove organics. 

Table 4.1 Conditions for MCF synthesis with hexane as a swelling agent. 

Material P-COK-12 
MCF- 

COK-12-1.0 
MCF- 

COK-12-2.0 

Hexane [ml] 0 1.0 2.0 

P123 [g] 4 4 4 

DIWa [ml] 107.5 107.5 107.5 

Citric acid [g] 3.68 3.68 3.68 

Sodium citrate [g] 2.54 2.54 2.54 

Sodium  
silicate [g] 

10.4 10.4 10.4 

DIWb [ml] 30.0 30.0 30.0 

DIWc [ml] 500.0 500.0 500.0 
a For P123 solution 
b For sodium metasilicate solution 
c For washing 
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Table 4.1 (cont.) Conditions for MCF synthesis with hexane as a swelling agent. 

Material 
MCF- 

COK-12-4.0 
MCF- 

COK-12-5.4 
MCF- 

COK-12-8.0 

Hexane [ml] 4.0 5.4 8.0 

P123 [g] 4 4 4 

DIWa [ml] 107.5 107.5 107.5 

Citric acid [g] 3.68 3.68 3.68 

Sodium citrate [g] 2.54 2.54 2.54 

Sodium  
silicate [g] 

10.4 10.4 10.4 

DIWb [ml] 30.0 30.0 30.0 

DIWc [ml] 500.0 500.0 500.0 

Table 4.1 (cont.) Conditions for MCF synthesis with hexane as a swelling agent. 

Material 
MCF- 

COK-12-16.0 
MCF- 

COK-12-24.0 
MCF- 

COK-12-32.0 

Hexane [ml] 16.0 24.0 32.0 

P123 [g] 4 4 4 

DIWa [ml] 107.5 107.5 107.5 

Citric acid [g] 3.68 3.68 3.68 

Sodium citrate [g] 2.54 2.54 2.54 

Sodium  
silicate [g] 

10.4 10.4 10.4 

DIWb [ml] 30.0 30.0 30.0 

DIWc [ml] 500.0 500.0 500.0 

Table 4.2 Conditions for MLV synthesis with polypropylene glycol (PPG) as a 
swelling agent. 

Material P-COK-12 
MLV- 

COK-12-0.10 
MLV- 

COK-12-0.25 

PPG [ml] 0 0.1 0.25 

P123 [g] 4 4 4 

DIWa [ml] 107.5 107.5 107.5 

Citric acid [g] 3.68 3.68 3.68 

Sodium citrate [g] 2.54 2.54 2.54 

Sodium  
silicate [g] 

10.4 10.4 10.4 

DIWb [ml] 30.0 30.0 30.0 

DIWc [ml] 500.0 500.0 500.0 
a-c See above 



 

100 
 

4.2 Hexane as a swelling agent 

Table 4.2 (cont.) Conditions for MLV synthesis with polypropylene glycol (PPG) as 
a swelling agent. 

Material 
MLV- 

COK-12-0.50 
MLV- 

COK-12-0.75 
MLV- 

COK-12-1.00 

PPG [ml] 0.50 0.75 1.00 

P123 [g] 4 4 4 

DIWa [ml] 107.5 107.5 107.5 

Citric acid [g] 3.68 3.68 3.68 

Sodium citrate [g] 2.54 2.54 2.54 

Sodium  
silicate [g] 

10.4 10.4 10.4 

DIWb [ml] 30.0 30.0 30.0 

DIWc [ml] 500.0 500.0 500.0 

Table 4.2 (cont.) Conditions for MLV synthesis with polypropylene glycol (PPG) as 
a swelling agent. 

Material 
MLV- 

COK-12-1.50 
MLV- 

COK-12-2.00 
MLV- 

COK-12-2.50 

PPG [ml] 1.50 2.00 2.50 

P123 [g] 4 4 4 

DIWa [ml] 107.5 107.5 107.5 

Citric acid [g] 3.68 3.68 3.68 

Sodium citrate [g] 2.54 2.54 2.54 

Sodium  
silicate [g] 

10.4 10.4 10.4 

DIWb [ml] 30.0 30.0 30.0 

DIWc [ml] 500.0 500.0 500.0 

4.2 Hexane as a swelling agent: synthesis of a 

silica mesocellular foam 

Mesocellular foams (MCF) are composed of uniformly sized 

spherical cells that are connected by windows, creating an 

interconnected 3-D pore system (Figure 1.6). MCF can be 

synthesized by the incorporation of micellar swelling agents to 

surfactant-templated syntheses48. This transition is the result of the 

formation of a noded structure in cylindrical micelles which 
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maintained their hexagonal packing. Upon increasing swelling agent 

addition, the nodes separate into spherical micelles and aggregate to 

form MCF (Figure 1.7). 

In this section, studies regarding the preparation of silica 

MCFs based on the synthesis of COK-12 using sodium silicate as 

the silica source, P123 as a structure directing agent and hexane as a 

micellar swelling agent are presented. The phase transition from 

hexagonal to MCF is discussed.  

The morphology of selected MCF samples is revealed by 

SEM (Figure 4.1). After transition from hexagonal to MCF 

morphology (Figure 4.1 a vs. Figure 4.1 b, see Figure 4.4 for 

nitrogen adsorption isotherms), there appears to be little change in 

the morphology of the material, except for a loss of sharp edges 

characteristic of P-COK-12. 
 

 

Figure 4.1 SEM micrographs of selected as -calcined MCF-COK-12. 
(a) MCF-COK-12-2.0 (p6m  mesostructure) . (b) MCF-COK-12-4.0 
(MCF morphology) . Lit t le d ifference is observed between (a) and 

(b), despite the difference in mesostructure.  

SAXRD patterns of MCF samples are shown in Figure 4.2. 

The (100) peak shows a clear tendency to shift to lower 2θ values 

with increasing amounts of hexane. This shift corresponds to an 

increase in the interplanar distance d100 (Table 4.3). Moreover, it is 

1 µm

a-1

1 µm

b-1

200 nm

a-2

200 nm

b-2
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evident that long-range ordering decreased, visible in the decrease of 

the intensity second and third reflections corresponding to (110) 

and (200) with increasing amount of hexane. 

 

Figure 4.2 Top: SAXRD pattern of as -calc ined MCF-COK-12. 
Patterns have been normalized to the (100) peak and shifted for 
comparison. With increasing hexane concentration, a shift  of the 

(100) peak to lower 2θ values is observed.  Bottom: d-spacing (shown 
for the (100) family of planes). See Table 4.3 for more informat ion.  
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Upon comparison of TEM micrographs of the standard P-

COK-12 and micrographs of MCF-COK-12, an increase in the 

diameter of the pores at the highest hexane concentration is evident 

(Figure 4.3). For the sample with 2.0 ml hexane/g P123 (MCF-

COK-12-2.0, Figure 4.3 b) the pores are apparently the same size as 

the pores of P-COK-12, however a loss of mesoscale ordering was 

observed. A significant increase in pore size occurred for the sample 

with 5.4 ml hexane/g P123 (MCF-COK-12-5.4, Figure 4.3 c), with a 

pore diameter of 7.7 nm (estimated graphically).  

Figure 4.4 illustrates the progression from type H1 to type 

H2 hysteresis with increasing concentration of hexane. For hexane 

of 4.0 ml/g P123 and higher, the type of hysteresis is H2, which is 

characteristic of “ink-bottle” shaped pores. This change in the type 

of hysteresis corresponds to a phase transition in the mesostructure 

due to the preferential solubilization of hexane into the cores of 

P123 micelles. The phase transition is accompanied by an increase 

in pore size, from 6.6 nm to 8.4 nm, which was the highest pore size 

obtained (Table 4.3). 

The distribution of the size of cylindrical pores (in the case 

of MCF-COK-12-1.0 and MCF-COK-12-2.0) and of pore cells and 

windows (for materials with “ink-bottle” pores, MCF-COK-12-4.0 

and higher) are shown in Figure 4.5 and Figure 4.6. There is a slight 

increase in pore size for materials with cylindrical pores, and a 

sudden increase for materials with “ink-bottle” pores. An increase in 

hexane concentration results in a more uniform window size.  
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4.2 Hexane as a swelling agent 

 

Figure 4.3 TEM micrographs of as -calc ined MCF-COK-12. (a) 
Standard P-COK-12, (b) MCF-COK-12-2.0 and (c) MCF-COK-12-

5.4. An increase in the pore size accompanied by a decrease in 
order ing is observed.  

200 nm

b-1 b-2

c-1 c-2

20 nm

200 nm 20 nm

200 nm

a-1 a-2

20 nm



 

105 
 

4 Tailoring the mesostructure of COK-12 

 

Figure 4.4 Nitrogen adsorption-desorption isotherms of as -calc ined 
MCF-COK-12. The isotherms are type IV with H1 hysteresis unti l a 
shift to H2 hysteresis is observed for MCF -COK-12-4.0. Type H2 

hysteresis is associated to materials wi th “ink -bott le” pores.  
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4.2 Hexane as a swelling agent 

 

Figure 4.5 Pore (samples with H1 hysteresis) and Cell size 
distr ibut ion (samples with H2 hysteresis) of as -calc ined MCF-COK-

12 as determined by the NLDFT method .  

 

Figure 4.6 Window size distr ibution of as -calcined MCF-COK-12 
(samples with H2 hysteresis)  as determined by the NLDFT method. 

Data is shown for the relevant s ize range.  
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Table 4.3 Properties of as-calcined MCF-COK-12 synthesized using hexane as a 
micellar swelling agent. 

Material P-COK-12 
MCF- 

COK-12-1.0 
MCF- 

COK-12-2.0 

Typea IV IV IV 

Hb H1 H1 H1 

d100
c [nm] 8.39 9.06 9.24 

ad [nm] 9.69 10.46 10.67 

PDFT
e [nm] 6.1 6.5 6.6 

IDFT
f [nm] - - - 

VDFT
g [cc/g] 0.640 0.543 0.566 

SBET
h [m2/g] 647.7 496.3 490.2 

a Type of isotherm 
b Type of hysteresis 
c Interplanar distance between (100) planes estimated by SAXRD 
d Lattice parameter estimated by SAXRD 
e Cell diameter estimated by NLDFT 
f Window diameter estimated by NLDFT 
g Pore volume estimated with the adsorption branch by NLDFT  
h Specific surface area estimated by BET 

Table 4.3 (cont.) Properties of as-calcined MCF-COK-12 synthesized using hexane 
as a micellar swelling agent. 

Material 
MCF- 

COK-12-4.0 
MCF- 

COK-12-5.4 
MCF- 

COK-12-8.0 

Typea IV IV IV 

Hb H2 H2 H2 

d100
c [nm] 10.56 11.53 11.82 

ad [nm] 12.19 13.31 13.65 

PDFT
e [nm] 8.2 8.4 8.4* 

IDFT
f [nm] 5.2 5.3 5.3 

VDFT
g [cc/g] 0.436 0.625 0.495 

SBET
h [m2/g] 295.8 460.8 393.9 

a-h See above. 
* The contribution of the shoulder observed graphically is not taken into account 
for this estimation 
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Table 4.3 (cont.) Properties of as-calcined MCF-COK-12 synthesized using hexane 
as a micellar swelling agent. 

Material 
MCF- 

COK-12-16.0 
MCF- 

COK-12-24.0 
MCF- 

COK-12-32.0 

Typea IV IV IV 

Hb H2 H2 H2 

d100
c [nm] 12.12 12.53 12.53 

ad [nm] 13.99 14.47 14.47 

PDFT
e [nm] 8.4* 8.4* 8.4* 

IDFT
f [nm] 5.3 5.3 5.3 

VDFT
g [cc/g] 0.531 0.528 0.518 

SBET
h [m2/g] 402.9 450.4 445.1 

a-h See above. 
* The contribution of the shoulder observed graphically is not taken into account 
for this estimation 

 
Table 4.3 shows the properties of mesocellular foam 

materials prepared by using hexane as a micellar swelling agent. The 

properties of P-COK-12 are shown for comparison.  

An increase in the size of the pores with an increase of 

hexane concentration up to 2.0 ml / g P123 was observed, from 6.1 

nm for standard P-COK-12 to 6.6 for MCF-COK-12-2.0. Further 

increase in hexane concentration resulted in a mesophase transition 

from cylindrical hexagonally ordered mesopores to mesocellular 

foam (MCF), as evidenced graphically by the hysteresis of nitrogen 

adsorption isotherms. This phase transition is associated to the 

formation of “ink-bottle” type pores, with a cell diameter of up to 

8.5 nm and a window opening of up to 5.3 nm. After the 

mesophase transition occurs (for a hexane concentration of 4.0 ml 

/g P123, MCF-COK-12-4.0), the cell and window sizes do not 

change, but the size distribution of the windows becomes narrower. 

Increasing the hexane concentration led to increasing values 

of the lattice parameter a. Given that the size of the cell and window 

does not increase, it can be deduced that the walls of MCF materials 

become thicker with increasing amounts of hexane. However, this 

increase in wall thickness is not apparent in TEM images (Figure 

4.3). While SAXRD analysis confirms an increase in the spacing 
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between pores, the cell size distribution determined by NLDFT 

(Figure 4.5) shows a shoulder at larger cell sizes, up to 10.6 nm. The 

contribution of this shoulder to the total pore size distribution is 12 

% for MCF-COK-12-8.0, 33 % for MCF-12-16.0 and 29 % for 

MCF-COK-12-24.0. A shoulder is not observed for MCF-COK-12-

32.0, however the peak is quite broad. This broad pore size 

distribution and the contribution of a secondary larger cell size 

could be responsible for the increase in the lattice parameter, 

meaning that there is no thickening of the walls of MCF materials.  

A similar study by Lettow, et. al.48 examining the phase 

transition of SBA-15 with the incorporation of 1,3,5-

trimethylbenzene (TMB), led to the proposal of a mechanism for 

the phase transition from a p6m hexagonal symmetry to MCF. In 

this study, the transition to MCF is also characterized by a sudden 

increase in pore diameter, although the SAXRD pattern at the phase 

change was that of a p6m hexagonal symmetry. It was proposed that 

the change in pore morphology is due to the formation of a noded 

structure in the cylindrical pores, while maintaining their hexagonal 

packing (see Figure 1.7 for reference). With increasing TMB 

concentration the nodes separate into spherical micelles that 

aggregate and form the MCF phase. The mesophase change is 

driven by the need to decrease the micelle surface-to-volume ratio 

with the incorporation of more swelling agent into the synthesis. 

The transition from cylindrical micelles to the spherical micelles that 

make up the MCF mesophase is driven by the need to cover an 

increasing amount of swelling agent with a fixed amount of P123. 

Cores of swelling agent are formed and are covered with the 

minimum amount of P123, resulting in spherical micelles and the 

noded structure depicted in Figure 1.7. 

The facile synthesis of silica MCF at room temperature and 

using an inexpensive silica source has been demonstrated in this 

work. In contrast to the most recent reports regarding silica MCF 

synthesis, the synthesis based on COK-12 is more economically 

viable and could be potentially upscaled as was demonstrated in the 

previous chapter. Potential applications in adsorption/separation of
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biomolecules make this synthesis of MCF an important contribution 

to the field of ordered mesoporous material research. 

4.3 Polypropylene glycol as a swelling agent: 

synthesis of multilamellar vesicular silica 

Multilamellar vesicular (MLV) silica structures consist of concentric 

silica shells and voids in alternation (Figure 1.8). MLV silica 

materials are normally obtained using amphiphilic molecules of 

different chain lengths as templating agents. After the initial MLV 

silica reports, in which biomimetic approaches and ionic surfactants 

were used, many reports regarding the synthesis of MLV silica using 

P123 as the templating agent and various swelling agents emerged.   

In this section, studies regarding the preparation of silica 

MLVs based on the synthesis of COK-12 are presented, using 

sodium silicate as the silica source, P123 as a structure directing 

agent and polypropylene glycol (PPG) as a micellar swelling agent. 

The selection of PPG was based on previous studies126. 

SEM micrographs (Figure 4.7) revealed the morphology of 

MLV-COK-12 materials. For the lowest PPG concentration (MLV-

COK-12-0.10, Figure 4.7 a,b), particle morphology is the same as 

that of P-COK-12 (see Figure 3.1 for reference. At the highest 

concentration of PPG (MLV-COK-12-2.50, Figure 4.7 c,d), the 

morphology is that of collapsed spheres in the range of 200-500 nm. 

This is thought to be the result of the removal of the organic 

template by calcination. A similar morphology was observed for 

MLV silica by Yuan, et. al.59  

The SAXRD patterns of as-calcined MLV materials are 

presented in Figure 4.8. Only a slight increase in d-spacing is 

observed with increasing PPG concentration, which hints that there 

is no increase in pore diameter. However, a loss of p6m mesoscale 

ordering for the highest concentrations of PPG is observed, which 

indicates a significant loss of the hexagonal p6m phase. This loss of 

long-range order was confirmed with TEM (Figure 4.9), in which an 
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obvious decrease in hexagonal mesoporosity is observed for 

increasing PPG concentration. 

 

Figure 4.7 SEM micrographs of as-calc ined MLV-COK-12: (a ,b) 
MLV-COK-12-0.10: lowest PPG concentration , morphology identical 
to P-COK-12.(c ,d) MLV-COK-12-2.50: highest PPG concentration, 

col lapsed spheres.  

TEM micrographs (Figure 4.9) give further insight into the 

mesoscale transition of MLV materials. With increasing PPG 

concentration, the MLV phase occurs and coexists with the 

hexagonal phase (Figure 4.9 d,e). Higher PPG/P123 ratios produce 

more vesicular particles and fewer particles with cylindrical pores, 

until no particles with p6m mesophase were observed (Figure 4.9 h). 

It is not possible to report a single TEM pore size for MLV 

materials, given that the distance between the walls of MLV 

particles varies from 10 up to 30 nm for single samples. The 

thickness of the silica walls also tends to be inconsistent, however 

for most samples it varies between 7.2 and 10.6 nm, reaching up to 

19.7 nm. 

The shape of MLVs is irregular; not all MLV particles have 

a regular circumference (Figure 4.9 e, f). The walls of most of the 

observed MLVs are curved inward, similar to a deflated balloon. 
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This could be the result of calcination to remove the PPG/P123; 

the creation of a void between silica walls could destabilize the 

structure to yield irregular spheroids. This is consistent with the 

information obtained from SEM micrographs (Figure 4.7). 

 

 

Figure 4.8 Top: SAXRD pattern of as -calc ined MLV-COK-12. 
Patterns have been normalized to the (100) peak and shifted for 
comparison. P-COK-12 pattern is shown for comparison.  At the 

highest PPG concentration, long -range ordering is lost . Bottom: d -
spacing (shown for the (100)  family of planes) . See  Table 4.4 for 

more informat ion.  
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The nitrogen adsorption-desorption isotherms of MLV 

materials are shown in Figure 4.10. All isotherms were classified as 

type IV isotherms, characteristic of mesoporous materials. A 

progression from type H1 hysteresis to type H2 hysteresis occurred 

with increasing PPG concentration. The first clear tendency to H2 

was observed for MLV-COK-12-0.25. H2 hysteresis is normally 

associated to “ink-bottle” type pores. In the case of MLV materials 

however, cylindrical pores coexist with the larger porosity resulting 

from the formation of silica vesicles. This contribution is 

responsible for a shift in the type of hysteresis. The nitrogen uptake 

as seen in the adsorption branches occurs at a broader relative 

pressure range, which is an indication of a broadening of the pore 

size distribution, associated to the appearance of porosity resulting 

from the voids between the silica layers in MLV materials.  

 In this regard, as the concentration of PPG increases, it is 

evident that the mesopore size distribution becomes broader, with 

the slope of the adsorption branch corresponding to capillary 

condensation decreasing as PPG concentration increases. However, 

there is uptake of nitrogen at relative pressure values of 0.95 and 

above. This indicates that there is a narrower pore size distribution 

of larger mesopores, which was attributed to the porosity 

corresponding to the void between silica walls in MLVs. 

The pore size distribution as estimated by NLDFT is shown 

in Figure 4.11 and is presented to illustrate the contribution of 

mesopores to the total porosity of the sample. It is evident that the 

contribution of mesopores to the total pore volume decreases with 

an increase of PPG concentration, which is in line with the finding 

that the hexagonal mesophase is progressively lost. The contribution 

of mesopores ranges from 89 % for the MLV-COK-12-0.10 sample 

to 56 % for the MLV-COK-12-2.50 sample. 
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Figure 4.9 TEM micrographs with pore detail of as -calc ined MLV-
COK-12. (a) Standard P-COK-12 (b) MLV-COK-12-0.10 (c) MLV-

COK-12-0.25 (d) MLV-COK-12-0.50 (e) MLV-COK-12-0.75 (f) 
MLV-COK-12-1.00 (g) MLV-COK-12-1.50 (h) MLV-COK-12-2.50. 

Bar represents 50 nm.  
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Figure 4.10 Nitrogen adsorpt ion-desorpt ion isotherms of as -calc ined 
MLV-COK-12. The isotherms are type IV with H1 hysteresis unti l a 

shift to H2 hysteresis is observed for MLV -COK-12-0.50.  P-COK-12 
isotherm is shown for comparison.  
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Figure 4.11 Pore size distribution of as -calcined MLV-COK-12 as 
determined by the NLDFT method.  Sol id l ine represents pore size 

distr ibut ion. Dashed line represents cumulative pore volume.  A loss 
of mesoporosity was observed with increasing PPG concentration.  
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Table 4.4 Properties of as-calcined MLV-COK-12 synthesized using polypropylene 
glycol (PPG) as a micellar swelling agent. 

Material Typea Hb 
d100

a 
[nm] 

Ve  

[cc/g] 
SBET

f 

[m2/g] 

P-COK-12 IV H1 8.39 0.640 647.7 

MLV-COK-12-0.10 IV H1/H2 8.73 0.475 440.3 

MLV-COK-12-0.25 IV H1/H2 8.64 0.453 452.3 

MLV-COK-12-0.50 IV H2 9.00 0.430 372.9 

MLV-COK-12-0.75 IV H2 8.67 0.422 386.4 

MLV-COK-12-1.00 IV H2 9.01 0.394 398.7 

MLV-COK-12-1.50 IV H2 10.60 0.389 368.8 

MLV-COK-12-2.00 IV H2 - 0.407 395.8 

MLV-COK-12-2.50 IV H2 - 0.403 445.8 
a Type of isotherm 
b Type of hysteresis 
c Interplanar distance between (100) planes estimated by SAXRD 
d Pore volume estimated from the adsorption isotherm  
e Specific surface area estimated by BET 

 

The properties of MLV materials prepared using PPG as a 

swelling agent are shown in Table 4.4. The properties of P-COK-12 

are shown for comparison.  

As was previously mentioned, PPG was chosen as a 

micellar swelling agent with the intent to produce COK-12 with 

enlarged hexagonally-ordered pores. The phase transition from 

hexagonal to MLV silica using PPG was unexpected and has not 

been reported thus far. Moreover, studies regarding the formation 

of a lamellar phase for the triblock copolymer used as a templating 

agent through this work, P123, could not be found. Previous studies 

concerning the use of PPG as a swelling agent in systems with 

PEO-PPO-PEO type templates report an increase in pore diameter, 

without phase transition for silica systems126–128, and with a 

transition to MCF for ordered mesoporous titania129. The 

unexpected phase transition from hexagonal to MLV silica observed 

in this work is addressed in terms of the aggregation and packing 

behavior of the templating phase below. 
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4.3 Polypropylene glycol as a swelling agent 

Given that the structure of PPG ((C3H8O2)n, molecular 

weight ~2000 mol/g, n~25) is the same as that of the hydrophobic 

block of P123 ((C3H8O2)n, molecular weight ~5800 mol/g, n~70, 

Figure 1.4), a migration of PPG towards PPO is expected, thus 

enlarging the hydrophobic block of P123. 

Considering an enlargement of the hydrophobic block of 

P123, a phase transition such as that reported by Wanka, et.al.130 

(Figure 4.12) is expected. Generally, a lamellar phase appears for a 

PPO/PEO molar ratio of around 7, and as the mass of the PPO 

block increases, the copolymer concentration required for forming 

subsequent phases decreases131. The triblock copolymers depicted in 

Figure 4.12 have the same PPO block size. The lamellar phase is not 

present for P123 (Figure 4.12 left). However, by assuming that the 

more hydrophobic L121 (PEO5PPO68PEO5) and P123 with an 

enlarged PPG hydrophobic block (PEO20PPO70+PPG contentPEO20) 

are similar regarding the ratio of hydrophobic to hydrophilic block 

volume, it can also be assumed that their aggregation behavior is 

similar. With a decrease in the size of the PEO block (or 

alternatively, an increase in the PPO block as in the case of P123 

with PPG content) the hexagonal phase disappears and a lamellar 

phase appears (Figure 4.12 right). The formation of a vesicle is the 

second of a two-step process, in which the lamellar phase closes to 

form a vesicle. The lamellar phase closes as a result of bending to 

decrease the line tension132. 

It is well-established that a phase transition in PEO-PPO-

PEO type triblock copolymers in aqueous solution occurs with 

increasing polymer concentration and increasing mass of the 

hydrophobic PPO block of the polymer130,131,133,134. Aside from this, 

the formation mechanism proposed for COK-1263 suggests that the 

addition of silica to the aqueous P123 solution eliminates the steric 

stabilization of the micelles, enabling fast aggregation. This ease in 

micellar aggregation in the formation of COK-12 has an important 

effect in the phase transition observed for MLV materials presented 

in this work, given that not only is there an increase in the 
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4 Tailoring the mesostructure of COK-12 

hydrophobic block of the micelles, but facile micellar aggregation 

also occurs. 

 

 

Figure 4.12 Phase diagrams of PEO-PPO-PEO systems in aqueous 
solution. Left : P123 (PEO 2 0PPO7 0PEO 20) phase diagram. Right : 

L121 (PEO 5PPO6 8PEO 5) phase diagram. The appearance of a 
lamel lar phase can be observed for L121 13 0 .  Reprinted with 

permission from G. Wanka, H. Hoffmann, and W. Ulbricht: ‘Phase 
Diagrams and Aggregation Behavior of Poly(oxyethylene) -

Poly(oxypropylene) -Poly(oxyehtylene) Triblock Copolymers in 
Aqueous Solutions’, Macromolecule s ,  1994, 27(15) , 4145-4159. 

Copyright 1994 American Chemical Society.  

With this in mind, the following formation mechanism is 

proposed. When PPG is incorporated into the micellar P123 

solution, which consists of spherical micelles, it migrates toward the 

hydrophobic block, thus enlarging it. This enlargement is associated 

to an increase in the average packing parameter of the micelles, 

which could induce the formation of the lamellar phase, unreported 

so far for mesoporous silica synthesis using PPG as a micellar 

swelling agent. This phase transition is made possible by the 

characteristic facile aggregation of micelles in COK-12 synthesis, in 

which steric stabilization between micelles is lifted upon addition of 

the silica precursor to the synthesis media. The lamellar phase then 

closes to decrease the line tension, resulting in multilamellar vesicles. 

It is interesting to address the coexistence of both 

hexagonal and MLV phases at different PPG concentrations. As can 

be seen in Figure 4.12, the appearance of a multi-phase is possible. 

Although the multi-phase occurs at high temperatures and high
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copolymer concentration, it is possible that the effect of the PPG-

silica interaction as well as the influence of the buffer enable the 

existence of both phases. These effects are out of the scope of the 

present work and the study of these phenomena could be the 

platform for further fundamental research, to contribute to 

establishing predictive tailored syntheses for different forms of 

mesoporous silica. 

MLV materials were obtained, demonstrating the 

coexistence of the hexagonal p6m phase and the multilamellar MLV 

phase, with a loss of the p6m upon increasing PPG concentration. 

MLV silica has already found potential application in catalysis135 and 

drug delivery136.  

4.4 Conclusions and outlook 

The use of hexane and polypropylene glycol (PPG) as micellar 

swelling agents was presented in this section, with the aim to study 

the flexibility of COK-12 synthesis in term of using said micellar 

swelling agents for pore enlargement.  

It was demonstrated that the use of hexane not only 

produces an enlargement of the characteristic cylindrical pores of 

COK-12, but also induces a phase transition from hexagonally-

ordered to multicellular foam (MCF). This phase transition is 

associated to the formation of “ink-bottle” type pores, with a cell 

diameter of up to 8.5 nm and a window opening of up to 5.3 nm. 

The facile synthesis of silica MCF at room temperature and using an 

inexpensive silica source, based on the COK-12 synthesis, is more 

economically viable and could be potentially upscaled as was 

demonstrated in the previous chapter. Potential applications in 

adsorption/separation of biomolecules make this synthesis of MCF 

an important contribution to the field of ordered mesoporous 

material research. 

 An unexpected phase transition occurred when using PPG 

with the intent to produce pore enlargement. The incorporation of 

PPG, which is the same structure as the hydrophobic block of the 
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triblock copolymer template P123, produced a shift from cylindrical 

hexagonal to multilamellar vesicular (MLV). It was demonstrated 

that with increasing PPG concentration, both phases coexist, and 

the MLV phase becomes the dominant phase at the highest PPG 

concentration. This phase change has not been demonstrated so far 

for systems in which PPG is used as a swelling agent. In line with 

the synthesis of MCF, MLV synthesis is also based on the COK-12 

synthesis and is therefore more economically viable and 

environmentally friendly than other mesoporous silica syntheses, 

and has the added advantage of being easily upscaleable. MLV silica 

has already found potential application in catalysis and drug delivery.  
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5 Continuous synthesis of COK-12 

In a batch process, the conditions within the process are continually 

changing. In contrast, in a continuous process, the conditions within 

the process are largely the same in time. Variations in feed 

composition, utilities and other variables occur, but normally these 

changes are either can be averaged. Moreover, continuous processes 

decrease the time, energy and therefore cost of syntheses by 

minimizing the number of synthesis steps. With this in mind and 

with the aim to contribute to more eco-friendly synthesis routes of 

ordered mesoporous silica, the continuous synthesis of COK-12 is 

presented in this chapter. 

The work carried out in this work regarding the continuous 

production of COK-12 is based on the concept developed by 

Jammaer et. al.63 in which two feed streams, one containing the 

buffered template solution and the other the silica precursor, are 

mixed by pumping to immediately produce COK-12 slurry. Two 

experimental procedures were established, one to test variations in 

the time of aging of the slurry prepared in continuous mode, and 

the other to examine the influence of the feed stream flow rates on 

the quality of the material. Powder COK-12 is presented as the 

reference material and is used as a basis for comparison in order to 

assess the quality of monolithic and upscaled materials in terms of 

pore size and mesoscale ordering. The work presented in this 

chapter can be found in ‘Batch and continuous synthesis upscaling 

of powder and monolithic ordered mesoporous silica COK-12’, 

Micro. Meso. Mater., 2018, 256, 102-110. 
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5.1 Conceptual and basic process design and 

installation 

A continuous COK-12 production unit was designed and set up in 

the Chair of Advanced Ceramics at the Technische Universität 

Berlin (Figure 5.1). 

 The continuous synthesis process begins with the 

preparation of precursor solutions in the jacketed vessels S-1 and S-

2 which are kept at 25°C and stirred by overhead stirring. The 

precursor solutions were then pumped with rotary pumps P-1 and 

P-2 to the mixing point, where the inlet flow rate (Q) was controlled 

by rotameters R-1 and R-2. At the mixing point M-1, which consists 

of a Y-piece connector, the precursor solutions met and immediate 

precipitation of the solid material occurred. The slurry (stream 7) is 

then collected for subsequent batch processes – filtration, washing, 

drying and calcination. 

 

Figure 5.1 Conceptual process flow diagram for the continuous 
COK-12 production unit of the Chair of Advanced Ceramics at the 
Technische Universi tät Berlin. Precursor solut ion prepa ration takes 

place in vessels S -1 and S-2, solutions are pumped to the mixing 
point M-1 with rotary pumps P-1 and P-2. Flow rates are set by 

rotameters R-1 and R-2. After mixing , the COK-12 slurry is 
col lected in vessel S -3. After  slurry col lection, the ba tch processes 

of f i lt ration, washing, drying and calcination take place.
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5.1 Conceptual and basic process design and installation 

Table 5.1 Equipment and specifications for the continuous COK-12 production 
unit. 

Device Specifications 

Thermostats 
(Figure 5.2 a) 

Manufacturer: Haake 
Temperature setting: 25°C 

Overhead stirrers 
(Figure 5.2 c,d) 

Manufacturer: IKA 
Speed set at medium to avoid bubble formation 

Solution preparation  
vessel S-1 
(Figure 5.2 c) 

Capacity: 6 liters 
Solution composition [wt%]:  
3.40 % P123 
91.32 % DIW 
3.13 % citric acid 
2.16 % trisodium citrate 
 

Solution preparation  
vessel S-2 
(Figure 5.2 d) 

Capacity: 20 liters 
Solution composition [wt %]: 
25.74 % sodium silicate 
74.26 % DIW 
 

Rotary pumps  
P-1 and P-2 
(Figure 5.2 b) 

Manufacturer: Carl Roth GmbH + Co. KG 
Model 1 rotary pump 
Maximum flow rate: 4.5 l/min 
Maximum lift: 0.75 m 
Inlet diameter: 17 mm 
Outlet diameter: 13 mm 
 

Rotameters  
R-1 and R-2 
(Figure 5.2 e) 

Manufacturer: Key Instruments 
Acrylic flow meter 
Minimum flow rate: 10 cm3/min 
Maximum flow rate: 100 cm3/min 
Inlet and outlet diameter: 1/8” 
 

Vacuum filtration  
FIL 
(Figure 5.3 a) 

Filtering flask capacity: 10 liter 
Ceramic büchner funnel 
Vacuum pump 
Filter paper 
 

Drying cabinet DRY 
(Figure 5.3 b) 

Manufacturer: Heraeus Instruments 
Temperature setting: 60°C 

Furnace FUR 
(Figure 5.3 c) 

Manufacturer: Nabertherm 
Maximum temperature setting: 500°C 
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Figure 5.2 Equipment for the cont inuous synthesis of COK -12. (a) 
thermostat, (b) overview of the setup and pumps, (c) solution 

preparation vessel S -1 for sodium si l icate solution, (d) solution 
preparation vessel S -2 for buffered P123 solut ion, (e) rotameters, (f) 

col lection vessel .  

 

Figure 5.3 Subsequent batch processes of cont inuous COK-12 
synthesis . (a) vacuum filtrat ion/washing, (b) drying in drying 

cabinet , (c) calcination in furnace.

a b c

d e f

a b ca b c
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5.2 Continuous production: materials synthesis 

Given the limitations in space and material availability, a 

careful selection of equipment was carried out. The equipment and 

specifications are summarized in Table 5.1. All piping is silicone 

tubing (Carl Roth GmbH) and was selected to accommodate the 

dimensions of the connections of equipment. The dimensions of 

the equipment and the pumping capacity have led us to estimate a 

maximum production of 330 g/run of COK-12. A process run 

includes the continuous synthesis step and all subsequent batch 

processes. Mixing (overhead stirrers) and pumping were controlled 

via a user interface in the system design platform LabVIEW. 

5.2 Continuous production: materials 

synthesis 

In this work, two experiments carried out in the continuous COK-

12 production unit, regarding variations in the aging time of the 

COK-12 slurry and the variations in the flow rate of the feed 

streams are presented. For both experiments, an amount equivalent 

to 50 times that of the original COK-12 synthesis was used to 

prepare the precursor solutions (Table 5.2).  

Table 5.2 Synthesis conditions for continuous COK-12 synthesis. 

Material P-COK-12 

Batch size 50X 

P123 [g] 200 

DIWa [ml] 5375 

Citric acid [g] 184.2 

Sodium citrate [g] 127.0 

Sodium  
silicate [g] 

520.0 

DIWb [ml] 1500 

DIWc [ml] 300.0 
a For P123 solution 
b For sodium metasilicate solution 
c For washing per 100 ml collected sample 
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For both process runs, the buffered P123 solution was 

prepared in solution preparation vessel S-2 by completely dissolving 

P123 in DIW and then incorporating the buffer, and the solution 

was stirred 24 h. The sodium silicate solution was prepared in vessel 

S-1 and after homogenization, pumping of the precursor solutions 

was started. Once steady state was achieved for each solution and 

the desired flow rate was adjusted by means of rotameters R-1 and 

R-2, both feed pipes were connected to the mixing point M-1. After 

mixing, the initial product was discarded for 5 minutes and then 

sample collection began. 

 Collected samples were then filtered, washed, dried, 

calcined and prepared for characterization. The amount of DIW 

used for washing was determined depending on the volume of each 

sample, using about 300 ml DIW for 100 ml of collected sample. 

5.2.1 Variation of the aging time 

By keeping the flow rate and the ratio of P123 precursor solution 

flow rate to sodium silicate precursor solution flow rate 

(QP123/Qsodsil) constant, changes in the properties of P-COK-12-

CONT due to differences in the aging time after mixing were 

investigated. Samples were collected in closed glass beakers and kept 

static for different aging times (Table 5.3) after which they were 

filtered, washed, dried, calcined and prepared for characterization. 

Table 5.3 Experimental conditions for continuous COK-12 synthesis with varying 
aging time. 

Sample name 
QP123

a 
[ml/min] 

Qsodsil
b 

[ml/min] 
Aging time 

[h] 

P-COK-12-CONT-0h 72 26 0 

P-COK-12-CONT-1h 72 26 1 

P-COK-12-CONT-6h 72 26 6 

P-COK-12-CONT-24h 72 26 24 
a P123 solution stream flow rate 
b Sodium silicate solution stream flow rate 
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5.2.2 Variation of the feed stream flow rate 

By varying the flow rate Q of the precursor solution streams, the 

effect of jetting at the mixing point as a means of homogenization 

was studied. Calibration of flow meters was carried out by 

measuring the stream volume for 20 seconds for each standard flow 

meter position (POS, Table 5.4) presented in this section). To 

determine flow rates, the calibration equations were used. 

Table 5.5 summarizes the calculated experimental 

conditions. The name of each sample is related to the position of 

the sodium silicate stream flow meter, which was the selected 

variable for each experiment. All other parameters were calculated 

based on this selection. 

Flow meter calibration 

Calibration of the flow meters was done to determine the real flow 

rates of each stream at different flow meter positions (POS). 

Calibration was carried out by measuring the stream volume for 20 

seconds for each standard POS. The real flow rate was then 

calculated by: 

 

𝑄 =
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 [𝑚𝑙]

20 𝑠
𝑥

60𝑠

1𝑚𝑖𝑛
[=] 𝑚𝑙

𝑚𝑖𝑛⁄   (13) 

 

and plotted against the respective POS (Figure 5.4). 

 

The following equations were obtained from a linear 

regression of the measured points and used to determine the 

position of the flow rate meter for the desired flow rate of the 

precursor streams: 

 

𝑄𝑠𝑜𝑑𝑠𝑖𝑙 = 0.9092 ∗ 𝑃𝑂𝑆𝑠𝑜𝑑𝑠𝑖𝑙 − 9.1359, R2 =0.9842 (14) 

 

𝑄𝑃123 = 0.963 ∗ 𝑃𝑂𝑆𝑃123 − 8.4565, R2 =0.9844      (15) 
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Figure 5.4 Calibration curves of f low rate meters.  

 

Based on this calibration, the real flow rates and 

QP123/Qsodsil ratio were determined. The position of the sodium 

silicate stream POSsodsil was fixed and the following calculations 

were made (see Table 5.7 for all calculations): 

𝑃𝑂𝑆𝑠𝑜𝑑𝑠𝑖𝑙 = 20 

 

𝑄𝑠𝑜𝑑𝑠𝑖𝑙 = 0.9092 ∗ 20 − 9.1359 = 9.1 𝑚𝑙
𝑚𝑖𝑛⁄  

 

Given the QP123/Qsodsil ratio of 2.7 determined from the 

standard COK-12 synthesis, the estimated flow rate Q’P123 and 

POS’P123 were calculated: 
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𝑄′𝑃123 = 2.7 ∗ 9.1 𝑚𝑙
𝑚𝑖𝑛⁄ = 24.5 𝑚𝑙

𝑚𝑖𝑛⁄  

 

𝑃𝑂𝑆′𝑃123 =
𝑄′𝑃123 + 8.4565

0.963
=

24.5 𝑚𝑙
𝑚𝑖𝑛⁄ + 8.4565 𝑚𝑙

𝑚𝑖𝑛⁄

0.963
= 34.2 

 

The real position POSP123 was fixed as the nearest multiple 

of 5 of the calculated position, given the design of the flow rate 

meter. For this case, POSP123 was fixed as 35, for which the real flow 

rate QP123 and real QP123/Qsodsil ratio were calculated: 

 

𝑄𝑃123 = 0.963 ∗ 35 − 8.4565 = 25.2 𝑚𝑙
𝑚𝑖𝑛⁄  

 

𝑄𝑃123

𝑄𝑠𝑜𝑑𝑠𝑖𝑙
=

25.2 𝑚𝑙
𝑚𝑖𝑛⁄

9.1 𝑚𝑙
𝑚𝑖𝑛⁄

= 2.8 

 

Table 5.4 Estimated and real flow rate meter positions and flow rates of feed 
streams. 

Sample name POSsodsil
a 

Qsodsil
b  

[ml/min] 
Q’P123

c
  

[ml/min] 

P-COK-12-CONT-20 20 9,1 24,4 

P-COK-12-CONT-25 25 13,6 36,7 

P-COK-12-CONT-30 30 18,1 49,0 

P-COK-12-CONT-35 35 22,7 61,3 

P-COK-12-CONT-40 40 27,2 73,5 

P-COK-12-CONT-45 45 31,8 85,8 
a Selected sodium silicate flow rate meter position 
b Sodium silicate stream flow rate at POS 
c Estimated P123 stream flow rate with QP123/Qsodsil ratio of 2.7 
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Table 5.4 (cont.) Estimated and real flow rate meter positions and flow rates of 
feed streams. 

Sample name POS’P123
d POSP123

e 
QP123

f  
[ml/min] 

QP123/ 
Qsodsil 

P-COK-12-CONT-20 34,1 35 25,2 2,8 

P-COK-12-CONT-25 46,9 45 34,9 2,6 

P-COK-12-CONT-30 59,6 60 49,3 2,7 

P-COK-12-CONT-35 72,4 75 63,8 2,8 

P-COK-12-CONT-40 85,1 85 73,4 2,7 

P-COK-12-CONT-45 97,9 95 83,0 2,6 
d Estimated P123 flow rate meter position 
e Real P123 flow rate meter position 
f Real P123 stream flow rate 

Table 5.5 Experimental conditions for continuous COK-12 synthesis with varying 
flow rate. 

Sample name 
Aging 

time [h] 
Qsodsil

a  
[ml/min] 

QP123
b  

[ml/min] 
QP123/ 
Qsodsil 

P-COK-12-CONT-20 0 9,1 25,2 2,8 

P-COK-12-CONT-25 0 13,6 34,9 2,6 

P-COK-12-CONT-30 0 18,1 49,3 2,7 

P-COK-12-CONT-35 0 22,7 63,8 2,8 

P-COK-12-CONT-40 0 27,2 73,4 2,7 

P-COK-12-CONT-45 0 31,8 83,0 2,6 

a Sodium silicate solution stream flow rate 
b P123 solution stream flow rate 

5.3 Influence of variation of operation 

parameters 

The following section presents results concerning variations in the 

time of aging and flow rate of the feed streams in the continuous 

synthesis of COK-12. Results are presented in comparison to 

powder COK-12, which is considered a basis for comparison to 

assess the quality of the materials. 
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5.3.1 Influence of the variation of the aging time on 

COK-12 mesostructure 

SAXRD (Figure 5.5) patterns of P-COK-12-CONT materials with 

variation in aging time revealed three peaks which were indexed as 

(100), (110) and (200) reflections. The intensity of (110) and (200) 

peaks increases with increasing aging time up to 24 h, indicating an 

increase in long-range ordering. Variations in the position of the 

(100) peak are attributed to experimental error in the measurement. 

The periodicity and hexagonal ordering of the pores of P-

COK-12-CONT materials was confirmed with TEM (Figure 5.6). 

The diameter of the pores and wall thickness estimated by TEM are 

shown in Table 5.6; these values are in agreement with the lattice 

parameters a calculated with SAXRD data and are within the 

expected range for materials templated with P123. As is the case for 

P-COK-12, the particle shape corresponds to a hexagonal shape 

with defined edges (Figure 5.6 d-2). 

Comparison of the TEM micrographs of P-COK-12-

CONT materials to P-COK-12 (Figure 5.6, compared to Figure 3.4) 

indicates an increase in the dimensions of the particles. This was 

attributed to a reduced shear rate that results from mixing via jetting 

of two streams, as opposed to the vigorous stirring required for the 

batch synthesis. Zhao et. al. reported that the morphology of OMS 

can be controlled given the mixing conditions during synthesis; 

higher mixing rates produced smaller particles107. Higher time of 

aging also appears to increase the uniformity of the mesostructure 

of P-COK-12-CONT materials. 

N2 adsorption analysis (Figure 5.7) revealed that the 

adsorption isotherm of P-COK-12-CONT materials with variation 

in time of aging are type IV isotherms with type H1 hysteresis, 

indicating open cylindrical mesoporosity with a narrow pore size 

distribution, as is expected. The specific surface areas determined by 

the BET method are shownin  Table 5.6 in comparison to the 

standard P-COK-12. P-COK-12-CONT materials have a lower 
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surface area than the original P-COK-12, ranging from 381 to 501 

m2/g versus 648 m2/g. This could be a result of less efficient 

washing in comparison to the batch process. Although a fixed 

amount of washing water is used for each sample taken from the 

continuous process, it is possible that the solid content in the slurry 

varies from sample to sample. 

The NLDFT pore diameters of P-COK-12-CONT 

materials with variations in time of aging are between 6.1 and 6.5 

nm (Figure 5.8). The pore volume ranges from 0.447 to 0.484 cc/g, 

which represents a decrease in comparison to the standard P-COK-

12.  

Table 5.6 summarizes the properties of P-COK-12-CONT 

materials with variation in the time of aging of the slurry, with 

aQP123/Qsodsil ratio of  2.8 and QP123 of 72 ml/min. The properties 

of the standard P-COK-12 are shown for comparison. It was 

demonstrated that longer slurry aging times improve the quality of 

the material. 

The success of COK-12 continuous synthesis can be 

attributed to the same factors as the successful batch synthesis 

upscaling reported in Chapter 3. On one hand, mixing is not critical 

in COK-12 synthesis. Jammaer et. al. proposed that COK-12 forms 

upon reaching a minimum silica content and not due to mixing63. As 

was discussed in section 1.3.5, the limited degree of cross-linking of 

the silicate network in the PEO shells of P123-silica micelles 

produces flexible micelles, due to the strong PEO-silicate oligomer 

interaction. This flexibility in the micelle shells allows for fast 

aggregation and growth with increasing silica content, for which 

mixing is not as crucial. In the case of P-COK-12-CONT synthesis, 

the jetting produced by the two streams at the mixing point was 

sufficient for mixing of the reagents. The other important factor is 

the fact the synthesis takes place at room temperature. Any issues 

that arise from poor heat transfer are circumvented by room 

temperature synthesis. Although mixing and temperature control are 

not as critical to obtain a well ordered material, it was demonstrated 
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that an increase in the time of aging of the COK-12 slurry slightly 

increases the degree of ordering of the material. 

 

 

Figure 5.5 Top: SAXRD pattern of as-calc ined P-COK-12-CONT 
with variations in t ime of aging , with aQ P1 2 3/Q so ds i l  ratio of  2 .8 and 

QP1 2 3 of 72 ml/min. Three peaks corresponding to p6m  hexagonal 
symmetry are observed. Patterns have been normalized to the (100) 
peak and shifted for comparison . Inlet: detail of second and third 

peaks (110) and (200).  Bottom: d-spacing (shown for the (100) 
family of planes) .  
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Figure 5.6 TEM micrographs  of as-calc ined P-COK-12-CONT with 
var iations in time of aging  (a) 0 h aging, (b) 1 h ag ing , (c)  6 h aging , 
(d) 24 h aging.  The shape of the particles as well as long -range 2D 

hexagonal pore ordering can be seen.  
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Figure 5.7 Nitrogen adsorption-desorption isotherms for as -calc ined 
P-COK-12-CONT with variations in t ime of aging  with a 

QP1 2 3/Q so ds i l  ratio of  2 .8 and QP1 23  of 72 ml/min. The isotherms are 
type IV with H1 hystere sis , characteristic of mesoporous materials . 

P-COK-12 isotherm is shown for comparison.  

 

Figure 5.8 Pore s ize d istribut ion of as -calcined P-COK-12-CONT 
with variations in t ime of aging  with a QP 12 3/Q so d s i l  rat io of  2 .8 and 
QP1 2 3 of 72 ml/min as determined by the NLDFT method. Pore size 
distr ibut ion of P-COK-12 is shown for comparison. Data is shown 

only for the relevant pore s ize range.   
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Table 5.6 Properties of as-calcined P-COK-12-CONT with variations in time of 
aging. 

Material 
d100

a  
[nm] 

ab  
[nm] 

PTEM
c 

[nm] 
WTEM

d  
[nm] 

P-COK-12 8.39 9.69 5.0 3.9 

P-COK-12-CONT-0h 7.93 9.16 5.4 3.8 

P-COK-12-CONT-1h 7.93 9.16 5.1 3.6 

P-COK-12-CONT-6h 8.39 9.69 5.1 3.9 

P-COK-12-CONT-24h 8.39 9.69 5.1 3.9 

a Interplanar distance between (100) planes estimated by SAXRD 
b Lattice parameter estimated by SAXRD 
c Pore diameter estimated by TEM 
d Wall thickness estimated by TEM 

Table 5.6 (cont.) Properties of as-calcined P-COK-12-CONT with variations in 
time of aging. 

Material Typee Hf 
PDFT

g 
[nm] 

VDFT
h 

[cc/g] 
SBET

i 
[m2/g] 

P-COK-12 IV H1 6.1 0.640 647.7 

P-COK-12-CONT-0h IV H1 6.1 0.447 402.9 

P-COK-12-CONT-1h IV H1 6.1 0.484 501.1 

P-COK-12-CONT-6h IV H1 6.1 0.482 467.5 

P-COK-12-CONT-24h IV H1 6.5 0.458 381.0 

e Type of isotherm 
f Type of hysteresis 
g Pore diameter estimated by NLDFT 
h Pore volume estimated by NLDFT 
i Specific surface area estimated by BET 
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5.3.2 Influence of the variation of the flow rate on 

COK-12 mesostructure 

SAXRD (Figure 5.9) patterns of P-COK-12-CONT materials with 

variation in flow rate of the feed streams indicate that there was an 

increase in long-range ordering with an increase in flow rate, evident 

in the increase of the intensity of (110) and (200) peaks. The pattern 

of the P-COK-12-CONT-45 sample is nearly identical to that of the 

standard P-COK-12 pattern. This increase in long-range ordering is 

an indicator that although a large degree of ordering was obtained at 

low flow rates, higher flow rates increase the linear velocity of the 

feed streams and therefore increase the shear rate, producing a more 

efficient mixing of the P123 and silica precursor solutions. 

Variations in the position of the (100) peak are attributed to 

experimental error in the measurement. 

 

Figure 5.9 SAXRD pattern of as-calcined P-COK-12-CONT with 
var iations in f low rate . Three peaks corresponding to p6m  hexagonal 
symmetry are observed. Patterns have been normalized to the (100) 
peak and shifted for comparison . Inlet: detail of second and third 

peaks (110) and (200). Right :  d-spacing (shown for the (100) family 
of planes) .   
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TEM micrographs (Figure 5.10) confirmed an increase in 

the degree of ordering with flow rate increase. For the P-COK-12-

CONT-40 sample, particles have a more regular and uniform shape 

and a hexagonal ordering of the porous mesostructure is evident.  

The pore sizes and pore volumes estimated by nitrogen 

sorption analysis are in line with that expected for a material 

templated with P123, albeit accompanied by a slight decrease in 

surface area (Figure 5.12, Table 5.7). Graphical evidence (Figure 

5.11 and Figure 5.12) confirms the improvement of the regularity of 

the material with increasing flow rate, namely in the shape of the 

hysteresis loop of the adsorption isotherm and narrowing of the 

pore size distribution. 

 

Figure 5.10 TEM micrographs of as -calcined P-COK-12-CONT with 
varying f low rate. An increase in ordering is visible for the sample 

with the highest f low rate. (a) P-COK-12-CONT-20. (b) P-COK-12-
CONT-40. 
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Table 5.7 summarizes the properties of P-COK-12-CONT 

materials with variation in the flow rate of the feed streams. The 

properties of the standard P-COK-12 are shown for comparison. It 

was demonstrated that higher feed stream flow rates improve the 

quality of the material. 

As was discussed in the previous section, the success of 

COK-12 continuous synthesis is attributed to the fact that mixing 

and temperature control are not critical factors in COK-12 

synthesis. However, although the mixing conditions are not critical 

to obtain an ordered material, it was demonstrated that higher flow 

rates yield a material with a higher degree of ordering.  

 

 

Figure 5.11 Nitrogen adsorpt ion-desorpt ion isotherms for as-
calc ined P-COK-12-CONT with variations in f low rate ( flow rate of 
sodium si l icate stream from 9.1 to 31.8 ml/min and of P123 stream 
from 25.2 to 83.0 ml/min) . See Table 5.7 for flow rate detai ls . The 

isotherms are type IV with H1 hysteresis , cha racterist ic of 
mesoporous materials . P -COK-12 isotherm is shown for comparison.  
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Figure 5.12 Pore size distribution of as -calcined P-COK-12-CONT 
with variations in f low rate as determined by the NLDFT method . 

Pore s ize distribution of P-COK-12 is shown for comparison. Data 
is shown only for the relevant pore size. See  Table 5.7 for f low rate 

details.  

Table 5.7 Properties of as-calcined P-COK-12-CONT with variations in flow rate. 

Material 
d100

a 
[nm] 

ab  
[nm] 

Typec 

P-COK-12 8.39 9.69 IV 

P-COK-12-CONT-20 7.79 9.00 IV 

P-COK-12-CONT-25 8.22 9.49 IV 

P-COK-12-CONT-30 7.95 9.18 IV 

P-COK-12-CONT-35 8.39 9.69 IV 

P-COK-12-CONT-40 8.02 9.26 IV 

P-COK-12-CONT-45 8.20 9.47 IV 

a Interplanar distance between (100) planes estimated by SAXRD 
b Lattice parameter estimated by SAXRD 
c Type of isotherm 
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Table 5.7 (cont.) Properties of as-calcined P-COK-12-CONT with variations in 
flow rate. 

Material Hd 
PDFT

e  
[nm] 

VDFT
f 

[cc/g] 
SBET

g 
[m2/g] 

P-COK-12 H1 6.1 0.640 647.7 

P-COK-12-CONT-20 H1 6.1 0.425 403.0 

P-COK-12-CONT-25 H1 6.6 0.570 504.7 

P-COK-12-CONT-30 H1 6.1 0.509 440.8 

P-COK-12-CONT-35 H1 6.6 0.625 545.5 

P-COK-12-CONT-40 H1 6.6 0.651 538.5 

P-COK-12-CONT-45 H1 6.6 0.666 528.0 

d Type of hysteresis 
e Pore diameter estimated by NLDFT 
f Pore volume estimated by NLDFT 
g Specific surface area estimated by BET 
 

5.4 Conclusions and outlook 

A continuous COK-12 production unit with a 300 g/run capacity 

was installed in the Chair of Advanced Ceramics of the Technische 

Universität Berlin. The production unit was launched and successful 

continuous COK-12 production was achieved, yielding a material 

with a high degree of pore ordering and uniform pore size. A study 

regarding variations in the time of aging of the slurry obtained from 

this process demonstrated that higher aging times slightly increase 

the degree of ordering. Similarly, a study concerning the variation of 

the flow rate of the feed streams demonstrated that higher flow 

rates increase the degree of ordering, even though an ordered 

material was obtained even at the lowest flow rate. 

 The main advantage of a continuous operation versus batch 

synthesis is the ability to produce a material with consistent quality, 

given that the conditions within the process are largely the same at 

any given time. Furthermore, a continuous operation implies a more 
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economic process, given that the time and energy (in terms of 

utilities and manpower) required to produce an equivalent batch-

synthesized material are generally lower. The overall cost of COK-

12 batch synthesis is lower than for the synthesis of SBA-15, for 

example, and would be even lower when produced in continuous 

operation. The continuous synthesis of COK-12 is an important 

milestone in the industrialization of ordered mesoporous silica 

materials.
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6 Conclusions and outlook 

The ordered mesoporous silica material (OMS) denoted as COK-12 

was successfully synthesized and exhibits the expected 

mesostructure for materials templated with the triblock copolymer 

P123. The synthesis, conducted at room temperature and quasi-

neutral pH, yields hexagonal plate-like particles that exhibit a highly 

ordered 2D hexagonal cylindrical pore array, with a narrow pore size 

distribution of 6.1 nm, separated by an amorphous silica wall. By 

acidification of the synthesis, it was possible to obtain monolithic 

COK-12 with similar properties as the powder counterpart, albeit 

with a loss of microporosity. Both the powder and monolithic 

synthesis were successfully upscaled 25 times in batch without any 

significant changes in the properties of the materials, yielding up to 

65 g of material. 

Powder and monolithic COK-12 were used in different 

forms (powder, granular produced by pressing and monolithic) as a 

catalyst support for the Na2WO4-Mn/SiO2 catalyst for the oxidative 

coupling of methane (OCM) reaction. The catalysts were tested to 

determine their activity, resulting in excellent activity and selectivity 

to the desired products when the catalyst was used in powder form 

as opposed to granular form, with performance similar to the 

catalyst supported on SBA-15. A study concerning the stability of 

the catalysts after prolonged reaction time resulted in a loss of 

activity after several hours of use, however the performance of 

COK-12 supported catalysts was superior to that of the standard 

catalyst, even after loss of activity. Furthermore, the activity at lower 

reaction temperatures was studied, demonstrating that the catalyst 

supported on monolithic COK-12 can be activated at temperatures 
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below 575°C, which is desirable for industrial application. The 

Na2WO4-Mn/SiO2 catalytic system supported on ordered 

mesoporous silica appears to be a promising candidate for 

application in OCM: However, catalyst design alone is not sufficient 

to reach the breakthrough required for industrial application, and 

development of more efficient reactor setups is also required. 

The flexibility of the mesostructure of COK-12 was studied 

by tailoring with the aid of micellar swelling agents. Two new COK-

12 phases were obtained: siliceous mesocellular foam (MCF) and 

multilamellar vesicular (MLV) silica. MCF was obtained by 

incorporating hexane as a micellar swelling agent in the COK-12 

synthesis. The resulting material has an “ink-bottle” pore structure 

with larger pores, up to 8.5 nm in cell diameter with a pore opening 

of 5.3 nm. MLV was prepared using polypropylene glycol (PPG) as 

a micellar swelling agent in the COK-12 synthesis. With increasing 

PPG concentration, both the MLV and 2D hexagonal mesophases 

coexist, until at the highest PPG concentration the hexagonal 

mesophase is lost and only MLV silica is obtained. MCF and MLV 

materials exhibit a high surface area and porosity, similar to the 

original COK-12. 

With the aim to further upscale COK-12 synthesis, a 

continuous synthesis process to produce powder COK-12 was 

successfully installed and tested. Variations in the time of aging of 

the COK-12 slurry and variations in the flow rate of the feed 

streams were studied, resulting in materials with properties nearly 

identical to those of the original COK-12. An increase in the time of 

aging aids in incrementing the degree of ordering of the material, 

with aging for 24 hours producing materials of the highest quality. 

Similarly, higher flow rates produce better quality materials due to 

better mixing conditions for streams with a higher flow rate. 

The materials presented in this work have potential for a 

wide variety of applications. Their characteristic large surface areas, 

porous structure and hosting capabilities can be exploited for many 

applications. For example, enzyme immobilization by physical 

adsorption in large-pore OMS, such as the MCF materials presented 
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in this work, is possible and limited by the size of the enzyme and 

the size of the OMS pore. COK-12 can be used in gas sensing, in 

humidity sensing or as a host matrix for sensor-active probe 

molecules. The use of OMS in catalysis has been widely studied, for 

example in terms of the use of OMS as a support for catalytic 

nanoparticles which can be synthesized in-situ with the OMS or can 

be incorporated into the OMS porous structure by encapsulation in 

organics which solubilize in the micellar template cores. The 

materials presented in this work can be submitted to post-

processing (by freeze-casting, gel-casting, etc.) to yield hierarchically 

porous materials with pores in the micro, meso and macro scale, 

which would be especially interesting for applications that require 

materials with superior mass diffusion properties, such as in 

heterogeneous catalysis. 

Given that the OMS surface is has a large concentration of 

silanol groups, functionalization of the pore walls by post-synthesis 

grafting or co-condensation opens yet another multitude of 

applications for COK-12-based materials. Functionalized OMS has 

applicability in fields as diverse as environmental control as a heavy 

metal ion adsorbent or in biocatalysis by acting as an enzyme host 

that provides the possibility of immobilization by covalent bonding 

to the grafted species. Functionalized OMS also have applicability in 

the fabrication of smart materials such as stimuli-responsive 

molecular switches that can be anchored onto an OMS support. 

OMS with larger particle sizes can be functionalized and have 

extensive applications in drug delivery, for example regarding the 

covalent grafting of biomolecules for tissue engineering technology. 

The present work paves the way for many possibilities for 

further developments. Regarding COK-12 batch syntheses, the 

influence of synthesis parameters on the properties of monolithic 

COK-12 and upscaled powder and monolithic COK-12 can be 

studied. For example, the effect of variation of the synthesis 

temperature on pore size was not addressed in this work but has 

been reported, as have changes in particle morphology as a result of 

stirring. Regarding the continuous synthesis of COK-12, the 
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merging of the continuous and batch processes (filtration, washing 

and calcination) is the next step in setting up a fully continuous 

process, which would reduce production time even further. 

Moreover, in the context of the continuous production unit, many 

possibilities arise in terms of specialized COK-12 synthesis. In-situ 

production of any of the direct-synthesis materials described in the 

previous paragraphs would in principle be possible in continuous 

mode. Loading with nanoparticles and functionalization by co-

condensation could be carried out by using the appropriate reagents 

in the feed solutions, yielding large quantities of these materials. 

The successful continuous synthesis and mesophase 

tailoring of COK-12 offer promising and exciting possibilities for 

the future of ordered mesoporous silica synthesis. The facile nature 

and more environmentally-friendly conditions of the synthesis could 

lead to industrial production. Mesoscale tailoring with different 

swelling agents can yield an array of different mesoporous 

configurations. Possible merging of mesoscale tailoring and 

continuous synthesis can lead to large-scale production of materials 

with interesting applications in a multitude of industries, while 

contributing to the more sustainable production of these materials.  
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Symbols and abbreviations 

a Lattice parameter 

BET Brunauer-Emmet-Teller 

BJH Barrett-Joyner-Halenda 

COK-12 
Centrum voor Oppervlaktechemie & Katalyse. 

Ordered mesoporous silica material. 

d d-spacing 

DIW Deionized water 

EDX Energy-dispersive X-ray spectroscopy 

EISA Evaporation-induced self-assembly 

FDU-12 
FuDan University. Ordered mesoporous silica 

material. 

g Packing parameter 

GP-COK-12 
Granular COK-12 produced by pressing of P-

COK-12 

ICP-OES 
Inductively coupled plasma - optical emission 

spectroscopy 

KIT-6 
Korea Advanced Institute of Science and 

Technology. Ordered mesoporous silica material. 

M41S Family of molecular sieves of Mobil 

MCF Mesocelullar foam 

MCM-41 
Mobil Composition of Matter. Ordered 

mesoporous silica material. 

MCM-48 
Mobil Composition of Matter. Ordered 

mesoporous silica material. 

M-COK-12 Monolithic COK-12 

M-COK-12-25X Monolithic COK-12 upscaled 25 times 

MLV Multilamellar vesicular 
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NLDFT Non-local density functional theory 

OCM Oxidative coupling of methane 

OMS Ordered mesoporous silica 

P-COK-12 Powder COK-12 

P-COK-12-25X Powder COK-12 upscaled 25 times 

PCSA Partitioned cooperative self-assembly  

PEO Polyethylene oxide 

PFD Process flow diagram 

POS Position 

PPG Polypropylene glycol 

PPO Polypropylene oxide 

Q Flow rate 

SAXRD Small-angle X-ray diffraction 

SAXS Small-angle X-ray scattering 

SBA-15 
Santa Barbara Amorphous. Ordered mesoporous 

silica material. 

SEM Scanning electron microscopy 

TEM Transmission electron microscopy 

TEOS Tetraethyl orthosilicate 

TIPB 1,3,5 triisopropylbenzene  

TMB 1,3,5 trimethylbenzene  

VH/VL 
Volume of hydrophobic block/volume of 

hydrophilic block 

XRD X-ray diffraction 
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