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Abstract 
 

Demand for mono-enantiomerically pure chiral compounds has increased in the last 

several decades. Asymmetric catalysis is the method for preparing those compounds, 

which usually use homogeneous or organometallic catalysis. However, those catalysts 

generate more chemicals, waste, low atom economy, difficult separation, and less energy 

saving, creating a new challenge. On the other hand, using heterogeneous catalysts is one 

of the synthetic process technologies that, in many ways, reduce production costs and 

help ecological protection. To allow the heterogeneous catalyst use on the industrial 

scale, it is necessary to be observed its role in the intensified reactor, such as in the 

Spinning Mesh Disc Reactor (SMDR).  

 
Therefore, this research aims to develop, characterise and evaluate a heterogeneous 

catalyst that meets the above criteria by synthesising heterogeneous catalysts derived 

from homogeneous catalysts through organocatalysis immobilisation onto MOF and 

wool fabric. Furthermore, the new heterogeneous catalyst was characterised 

analytically to certify its reliability as a catalyst material. Finally, the catalyst’s 

performance must be evaluated in an intensified reactor, SMDR, which allows the 

immobilised catalyst to be used to produce chiral C-C compounds through an aldol 

addition reaction. Three ongoing projects have been completed. Immobilisation of L-

proline onto MOFs, woollen fabric and the combination of the two support materials, 

immobilisation on wool and MOFs during the growth of MOFs on the wool surface. 

Heterogeneous catalysts that have been developed include Zr-MOFs-S30Pr, Wool-Pr 

and Wool-Zr-MOF-S30Pr. 

 
Strategies to immobilise the L-proline within the metal-organic frameworks and 

woollen fabric have been investigated. In the functionalisation of L-proline in MOF 

(Chapter-4), the immobilisation method was developed using a solvothermal scheme 

modulated by acetic acid and peptide compound (L-proline). Mixed-linkers of 

sulfonated-bdc and bdc ligands combine intermolecular Zr nodes to construct the MOFS 

framework. The solvothermal method is carried out by heating a mixture of DMF 

(solvent) with an appropriate amount of L-proline, a mix of s-bdc and bdc (3:7) and 

acetic acid at 120 °C for 40 hours. The crystalline powder was characterised using 1H 

NMR, TGA and leaching test, PXRD, N2 physisorption, SEM/EDX, XPS and FTIR. 
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Good Zr-MOF-S30Pr chemical and thermal stability were obtained with a high BET 

surface area (975 m2/g). The evaluation of the catalytic parameters showed that the 

catalyst’s performance was good, with 4NBA conversion of up to 83%, a yield of 81%  

and ee up to 86% in the spinning disc reactor (SDR) and moderate in the conventional 

reactor (73%, 69% and 80% for conversion, yield and ee respectively). Therefore, the 

Zr-MOF-S30Pr catalyst can be recycled three times in the conventional and spinning 

disc reactor. However, unexpected results (in SDR) were exhibited after three running 

courses; no transformation occurred due to the catalyst agglomeration along the 

peristaltic tube and encrusted on the disc surface. Therefore, it is necessary to find 

another support material compatible with the spinning disc glass topology. Therefore 

wool is the next choice for L-proline functionalisation. 

 
Furthermore, immobilisation of L-proline was carried out onto woollen fabric by 

reduction and amination method using a reducing and coupling agent to link the active 

centre of L-proline with wool surface’s reactive groups (Chapter-5). The material 

characterisation showed that L-proline was well integrated onto wool, resulting in 

excellent stability. Furthermore, FTIR and XPS spectroscopy presented covalent 

hydrogen bonds which connected L-proline and wool. After being applied to 

conventional and spinning disc reactors, it was demonstrated that conversion, yield and 

selectivity in SMDR were higher than in conventional reactors. Furthermore, the 

reaction time reaching equilibrium for complete transformation is shorter in the 

spinning mesh disc reactor than in the traditional reactor. The conversion of 4NBA and 

the ee of the Wool-Pr catalyst reached 84% and 89%, with a yield of 80% in SMDR. 

Meanwhile, 64% of conversion and 67% of ee, with a yield of 53%, are from the 

conventional reactor. The higher catalyst activity in the SMDR compared to traditional 

reactors and shorter time for complete transformation indicates that process 

intensification occurred in the SMDR. This kinetic improvement in SMDR is due to 

rotation and mechanical assistance adjusting the spinning disc speed and feed flow rate. 

Controlling the spinning disc speed and feed flow rate to be optimum generates 

centrifugal forces to create sheared liquid film over the disc. Shear stress between liquid 

film and the catalyst disc increases micro mixing, enhancing mass and heat transfer. 

The superiority of the spinning mesh disc in intensifying the aldol reaction to form C-

C bond chiral compounds also positively impacts the novel catalyst recycling ability. 
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As a result, the Wool-Pr heterogeneous reactivity decreased after five runs in a 

conventional reactor, while in SMDR, it remained stable. 

 
Organocatalyst functionalisation was also developed by growing MOF during 

organocatalyst immobilisation onto woollen fabrics and modulating MOF growth with 

4-hydroxyproline at room temperature (Chapter-6). The new Wool-Zr-MOF-S30Pr 

catalyst has excellent chemical and thermal stability with more active sites. The 

leaching test and TGA results show no loose catalyst component and are stable up to 

500 °C. The catalyst performance evaluation carried out in the SMDR and conventional 

reactors showed the Wool-Zr-MOF-S30Pr catalyst performances in SMDR were higher 

than in the traditional reactor. Conversion in SMDR reaches 87% and in a conventional 

reactor up to 68%, with 83% yield in SMDR and 59% in a conventional reactor. The 

selectivity in SMDR is also superior to that in traditional reactors, namely 89% and 

75%, respectively. The outstanding performance of the Wool-Zr-MOF-S30Pr catalyst 

in SMDR than in batch reactor is due to the control of the spinning mesh disc speed 

and feed flow rate, which led to the mass and heat transfer enhancement as a primary 

objective of Process Intensification. Due to the occurrence of PI, the efficiency of aldol 

reaction time is significantly affected. The time required by the catalyst for complete 

conversion is only 60 min in SMDR. It takes 1400 min to reach stoichiometric 

equilibrium in conventional reactors until a complete transformation is achieved. 

Another impact of the aldol reaction PI in the SMDR is the different catalyst 

recyclability between the SMDR and the conventional rector. Up to seven runs, the 

catalyst is still stable in the SMDR; on the contrary, the activity and selectivity 

gradually decrease towards the seventh recycling stage in the batch reactor. The 

catalyst’s ability to be separated quickly, simply and reused leads to savings in 

chemicals and solvents. In addition, it reduces chemical waste that may be harmful to 

the environment. It means decreasing production costs (economic aspect) and 

improving environmental safety (green technology). Therefore, the goal of the process 

intensification is achieved, thus enabling it to be applied on an industrial scale to meet 

the production requirements of intermediate organic compounds, especially 

monostereoisomeric chiral compounds, that are extensively essential in the 

pharmaceutical and fine chemical industry. 
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Chapter~1 

 

Introduction 
 

 

 

1.1 Research background 

 

The mono-enantiomerically pure compounds are of great importance in drug 

development. Since the human body also contains chiral molecules such as receptors, 

DNA, RNA, and enzymes, their interaction with chiral drugs shows different responses 

and pharmacological effects. Therefore, introducing safer and more effective drug 

alternatives is a challenge. Hence, most marketed drugs containing single-enantiomer 

such as thalidomide [1], albuterol [2] and propranolol [3] must be produced by 

asymmetric synthesis. They are all C-C bonded compounds that the majority of 

production methods reported to date have involved a homogeneous catalysis system [4, 

5]. However, organocatalysts as homogeneous catalysis systems have limited 

recyclability and short life and are difficult to separate from the reaction products. The 

possible way to overcome the disadvantages of a homogeneous catalyst is to immobilise 

organocatalyst onto a supporting material, as catalyst recovery and process work-up are 

much easier in the case of solid catalysts [6-8]. Hence, solid acid catalysts also play a 

prominent role in the chemical industry. Developing highly selective and active 

heterogeneous catalysts for industrially relevant catalytic reactions is an area of intense 

research.  

 
Research in developing organocatalytic immobilisation on supports focuses on 

understanding interactions during the formation of the material and the interactions 

between organocatalysts, support, and reactants in subsequent catalytic reactions. The 

interaction between the support and organocatalyst plays a prominent role in the 

catalyst activity [9]. 
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In this regard, the a-amino acid L-proline is chosen as an organocatalyst, immobilised 

onto the support material, converting them to a heterogeneous catalyst. 

 

The selection of proline as model organocatalysis is not only economically 

advantageous (because of its abundance and low price), but also chemically, proline is 

the only natural amino acid with secondary amine functionality. It increases pKa 

(acidity) and nucleophilicity compared to other amino acids. Proline's outstanding 

catalytic properties allow it to act as an enamine or imine catalyst [10] for asymmetric 

reactions [10] such as Michael, Mannich, Morita-Baylis-Hillman and aldol addition, 

which are very important CC coupling reactions in organic chemistry [11]. Proline also 

acts as a  bifunctional catalyst, Brönsted acid and Lewis base. From a safety point of 

view, proline is also a tiny molecule chiral catalyst with efficient and environmentally 

friendly [12-14]. At present, there are a lot of supporting materials which are used as a 

host where homogeneous catalysts are attached, such as polyethylene glycol (PEG) 

[15], polystyrene [16], silica [17], ionic liquid [18], magnetic material [19], dendrimer 

[20], cyclodextrin [21], layer double hydroxide (LDH) [22], textile [23] and MOF [24]. 

However, another issue of organocatalyst limitation is that it requires high catalyst 

loading to retain the activity and selectivity of the immobilised catalyst.  

 
Method development is carried out so that the immobilized material performs similarly 

to its counterpart. Still, sometimes lower activity and selectivity are observed in the 

first cycle or after a few cycles when there is insufficient surface area for an active site 

to be attached. Therefore, it is necessary to choose a support material that has the 

advantages of a large surface area and high porosity. Materials that have such superior 

porous properties are metal-organic frameworks (MOFs). Besides those properties, 

MOFs also have unique properties absent in other porous materials, such as structural 

variations and a considerable capacity to accommodate guest active molecules by 

anchoring them in the proper position on the MOFs. MOFs can be designed according 

to topology and structure, making them suitable for homogeneous catalyst hosts. 

However, some MOFs have shortcomings, including stability problems, especially 

thermal and chemical stability and low surface area and porosity [25-27]. The overall 

aim of this thesis is thus to extend the applicability of the SMDR using the 

heterogeneous novel catalytic system. This aim will be achieved by developing the 

catalytic performance of a novel hybrid Zr-MOF-SxPr, Wool-Pr and  Wool-Zr-MOF-
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SxPr catalyst. Also, it investigated the applicability of free and immobilised proline in 

the intensified SMDR and observed the possibility of the Process Intensification (PI) 

presence in the catalytic-reactor system.  
 
Process intensification can be defined as "using much less to produce much more" [28]. 

Using much less can be defined as employing fewer raw materials, processing time, 

space, energy consumption, investment, and others than conventional methods [29]. 

While producing much more can be defined as the degree of conversion, efficiency, 

selectivity, productivity, heat and mass transfer rate that provide a greater quantity and 

quality. However, process intensification must be understood in a broader context, 

including sustainable technology development and green engineering [29]. The 

intensification process is a versatile project to create and develop chemical strategies in 

the industry, which involve the discovery and development of equipment and method 

to be more economical and safer. 

 
This project will develop the new heterogeneous catalyst by applying a strategy for 

synthesising and immobilising organocatalysts onto MOF and textiles (wool fibre). A 

multifunctional catalyst can be achieved by combining the activity of organocatalyst 

(L-proline) with the solid acid catalysts as supports (-SO3H within MOFs and other 

active groups within woollen fabric). 

 
Many approaches have been made to intensifying chemical processes. In terms of 

continuous processing, one is SMDR (Spinning Mesh Disc Reactor). Offering better 

product quality control over traditional stirred tank processing technology [30]. Our 

group research has proven the success of the SMDR for various compound syntheses 

using functionalised catalyst immobilisation such as application of metal-enzyme 

catalyst, metal-textile catalyst and enzyme-textile catalyst [31-34], polymerisation and 

photochemical [35, 36]. All these studies have applied simple catalytic systems 

immobilised directly on wool. The following steps to extend the application of the 

SMDR would involve investigating new catalytic systems of high value to the 

pharmaceutical industries, such as organocatalysts. 

 
In recent decades, organocatalyst has become a trend and attracted more researcher 

attention due to its advantages, such as the versatile character of small organic 

molecules as an efficient catalyst with high catalytic activity, high selectivity, 
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designable structure, low cost, easy scale-up, useful in complex reaction, and no metal 

contamination, which is a crucial requirement for the preparation of pharmaceutical 

product that does not tolerate metal contamination. So basically, not only because of its 

synthetic range but also for economic and safety reasons. There has been much research 

on their kinetic behaviour and mechanistic pathways, which have resulted in numerous 

highly efficient organocatalysts capable of catalysing a wide range of reactions. 

However, less research has been done on reactor design for efficient reactor scale-up. 

In addition, the inclusion of the organocatalyst's role in reactor design to intensify 

chemical processes, especially for the pharmaceutical industry involving asymmetric 

reactions, is due to the high market demand for pure optical active compounds. 

 
 

 

1.2 Thesis outline 

 

This thesis is arranged as follows: 

• In Chapter-1, the background and thesis layout is presented. 

• In Chapter-2, an overview of any aspect of the MOFs synthesis, organocatalyst 

immobilisation, asymmetric catalysis, etc., is generally described. 

• In Chapter-3, a general description of methods for material characterisation and 

a big picture of the spinning mesh disc reactor (SMDR). 

• In Chapter-4, the experimental procedure for L-proline immobilisation onto 

sulfonated zirconium-based MOF, characteristic of new catalyst and its 

performance evaluation (conversion, yield and ee). 

• In Chapter-5, L-proline functionalisation onto woollen fabric procedure, the 

novel catalyst nature and the observation of Wool-Pr Catalyst performance. 

• In Chapter-6, organocatalyst immobilisation onto woollen fabric during the 

MOF growth onto the wool, description of catalysts stability and morphology, 

Wool-MOF-Pr catalyst are investigated. Also, the new heterogenous catalysts 

evaluation are evaluated. 

• In Chapter-7, the Process Intensification (PI) of aldol reaction on SMDR using 

Zr-MOF-S30Pr, Wool-Pr and Wool-Zr-MOF-S30Pr heterogenous catalysts are 

explained. The kinetic reaction, reproducibility, chemical selectivity, and 
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reusability are compared between a conventional reactor (stirring batch reactor) 

and an intensified reactor (SMDR). 

• In Chapter-8, overall conclusions are presented. 
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Chapter~2 

Literature Review 
 

 

 

2.1 Process Intensification (PI) 
 

In recent years, process intensification has become a significant trend in chemical and 

process technology. As a result, several definitions of PI have been proposed, which 

generally emphasize the development of more straightforward and less empirical 

process and equipment technologies.  

 

 

2.1.1 Definition  
 

The first pioneers of this PI concept were Prof Collin Ramshaw and colleagues from 

ICI in the late 1970s [1], who defined process intensification as “Designing highly 

compact plants that reduce major plant items and installation costs”. HIGEE technology 

has allowed for employing rotating equipment in place of a much larger separation 

system to reduce the capital cost of the production system [2]. Furthermore, the 

definition put forward by Stankiewicz and Moulijin [3] states that: “Process 

intensification consists of developing new equipment and techniques that are expected 

to bring about dramatic improvements in manufacturing and processing, substantially 

reducing equipment size/production capacity ratios, energy consumption, or waste 

production and ultimately resulting in cheaper and more sustainable technologies.” 

Hence, the main objective of process intensification is to streamline the production 

process physically and chemically through efforts to increase the efficiency of higher 

heat/mass transfer. 
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2.1.2 PI classification  
 

From the definitions and concepts developed by the scientists, process intensification 

is divided into two main groups: a) process intensification equipment and b) process 

intensification methods, as shown in schematic Figure 2.1.  

 

 

 

 
 
 

Figure 2.1 Classification of process intensification (PI) in chemical industry [4]  

 

 

The PI group of equipment includes reactors and equipment for non-reactive 

operations. PI equipment covers the optimization of physical devices and operating 

parameters that impact the profile and chemical reaction environment 

(hydrodynamic/novel mixing, thermodynamic / heat-transfer, and mass transfer 

technologies). In addition, the PI group of methods includes any development methods 

that enable increased energy efficiency and minimise capital and resource efficiency 

(additives, solvent, etc.). In particular, PI methods comprise multi-functional reactors 

(e.g., reactive distillation, reactive extraction columns, fuel cells), hybrid separation 

(e.g., membrane absorption, membrane distillation, adsorptive distillation), and 
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alternative energy sources (e.g., light, ultrasound, microwave, electric fields, 

centrifugal fields) [5]. 

 
The intensification process principally reduces the inventory scale of an operation 

(equipment, raw materials, procedures, etc.) and increases the yield. Furthermore, PI is 

expected to improve the safety of hazardous reactants or exothermic reactions, which 

cannot be safely operated in batch reactors [1, 3] due to inherent design challenges [6, 

7]. Hence, a process switch from conventional/batch reactors to continuous reactors is 

also considered a form of Process Intensification (PI equipment). 

 
PI has received a lot of attention because one of its main objectives in designing new 

plants is the improvement of safety processes. For example, the awareness of the 

dangers of storing large amounts of toxic compounds can cause accidents. So safety is 

a priority, besides the main benefit of PI is a reduction in production costs. 

 
There is an urgent need for new processing technology methods, requiring the efficient 

use of energy which provides a step in the right direction for the chemical industry. The 

two most basic operations often encountered in chemical engineering processes (heat 

and mass transfer) can be carried out more efficiently with intensified units. 

Furthermore, these efficiency improvements provide sufficient reason to believe that 

runtime is faster so that the associated energy consumption can be reduced dramatically 

for a given operation. 

 

 

2.1.3 PI equipment examples 
 
 
The following are some examples of reactors that show the critical strategy of the 

Process Intensification. The transfer of mass and heat due to the device's design allows 

the occurrence of both transfer enhancements. 
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2.1.3.1 Rotating Packed Bed (RPB)  
 
A rotating packed bed (RPB) or ̀ hi-gee' mass transfer machine has different shapes and 

operation modes [8]. For example, the Higee device consists of a torus (or `doughnut-

shaped') rotor mounted on a shaft and filled with high specific area packing.  

 
Kelleher et al. & Fair (1996) reported a pilot-scale RPB distillation of a cyclohexane/n-

butane mixture operating at rotational speeds from 400 to 1200rpm [9]. They observed 

that the mass transfer efficiency increased with rotational speed and the amount of 

packing required for a given separation is lower in an RPB than for conventional 

columns.  

 
A successful commercial application of the device has been described by Trent et al. 

(2001) [10]. Here an RPB was used to produce low-chloride hypochlorous acid (HOCI). 

The rapid mass transfer rates involved with the RPB allowed the device to operate as a 

reactive stripping unit. This characteristic led to high product yields of over 90%, 

whereas conventional equipment was only capable of a yield below 80%. 

 

 

2.1.3.2 Microreactor 
 
Microreactor consists of channels with a width of 10-1000 µm. The channel is etched 

into metal, glass or plastic sheets. A sheet is placed on top to enclose the channel with 

capillary tubes employed in this region of channel width. The liquid laminar flow with 

the sort path lengths diffusion controls the heat and mass transfer. Burns and Ramshaw 

(1999) used the microreactor for exothermic nitration [11]. Rapid heat removal can 

control the temperature to operate reaction preventing potential explosion hazards and 

product formation.  

 

2.1.3.3 Spinning Disc Reactor (SDR) 

 
A spinning disc reactor (SDR) operates on a similar principle as RPB. The disc can be 

horizontally or vertically mounted on an axle. The centrifugal force cause the liquid fed 

spread over the surface of a spinning disc. This force controls the film and allows for 
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high mass transfer rates, favouring the mixing and reaction process. Residence times 

on the disc are low, typically in seconds. Both residence time and film thickness are 

dependent on fluid physical properties, rotational speed and radial location of the fluid. 

The operation of SDRs will be covered in more detail in this chapter. 

 

 

2.1.4 PI strategy  
 

The PI strategy aims to enhance the heat and mass transfer in a process as much as 

possible. So, the key to the PI strategy is mass and heat transfer coefficient. There are 

two strategies for enhancing mass and heat transfer: active methods (e.g. mechanical 

aids, agitation, vibration, rotation and grooves/rivulets) and passive methods (treated 

surfaces, rough surfaces, extended surfaces, and porous structures). As the definition of 

PI evolves, so do the methods of PI strategy. In general, other divisions of the PI 

strategy include alternative energy sources, passive performance improvement, 

multifunctional units, continuous processing, and reduced transport resistances within 

a process. 

 
The success of process intensification can be achieved by applying active or passive 

methods to all types of equipment used in the process, i.e. reactors, mixers, separators 

and heat transfer equipment, in such a way that the entire plant and all its operating 

units will be intensified. 

 
Use of alternative energy sources. According to Stankiewicz [12], several energy 

forms can intensify chemical and biochemical processes, such as gravitational energy, 

electric field energy, electromagnetic radiation energy, and acoustic field energy. For 

example, the rotating bed and spinning disc reactor developed as HIGEE device 

technology utilised gravitational energy to enhance heat and mass transfer. An example 

of electric field energy is the study of falling film and vaporizing spray [13], which 

results in up to seven times heat transfer due to the formation of thin liquid films, tiny 

liquid droplets, and surface waves when an electric voltage is applied. An example of 

microwave radiation energy that can accelerate heat supply is in organic reactions and 

can thus increase production yields [14]. Besides, this electromagnetic radiation can 

increase selectivity [15]. Finally, an example of using acoustic field energy is to 
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increase the formation rate of free radicals [16] and increase mass transfer and reaction 

rate in a liquid-solid system [17]. 

 
Passive performance improvement. It intensifies heat and mass transfer without using 

the direct application of power, but with mechanical efforts such as expanding the 

surface and using a static mixer [18], increasing the heat and mass transfer area. 

 
Multifunctional unit. It is defined as combining some unit operations into a single 

function, such as heat transfer and separation. Combining these functions provides 

several advantages, including increased reaction rates, increased conversion/selectivity, 

reduced energy consumption, and capital costs [18]. 

 
Continuous processing. With the change from batch to a continuous process, it is 

possible to obtain several advantages such as reduced equipment size, better control of 

process variables, increased efficiency, less scale-up, increased process safety, reduced 

waste and capital and lower operating costs [19]. However, continuous sustainable 

processes in the pharmaceutical and chemical fields are still lacking, and further 

research and development need to be carried out. 

 
Reduce transport resistance. The increase in heat transfer is strongly influenced by the 

short length of the diffusion path. At the micro-scale, this concept becomes dominant, 

resulting in high conversion and selectivity compared to conventional devices [20]. 

 

 

2.1.5 The advantages of PI 
 

The application of process intensification in every production process has advantages: 

economy/business, process efficiency, and environmental safety. 

 
Benefits to the economics/business. The miniaturisation of equipment and components 

involved impacts saving capital and operating costs and, for example, reducing the 

procurement of piping, places, etc., thereby reducing the capital budget. Also, 

minimizing equipment and plant can shorten waste processing to reduce production 

costs. Also, the application of PI towards a sustainable process makes it more efficient 
[21]. 
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Benefits to the efficiency of the process. Conversion, enantioselectivity, and yield are 

the efficiency parameters of a chemical process. If the conversion and product purity 

can be increased, it minimises production time, energy savings, and waste minimisation 

and improves process effectiveness [22]. In addition, the equipment can also be 

streamlined both nominally and in size so that the need for hazardous chemicals is 

reduced. The number of processes that can be reduced leads to less use of equipment 

and materials. The disadvantages of conventional reactor systems that rely heavily on 

high temperatures and pressures cause inefficient energy transfer in contrast to 

sustainable systems that apply more efficient and more economical processing [22], 

such as the application of control on microreactors for thicker solutions [23] and also 

the spinning disc reactor with the advantages of fast heat and mass transfer [24] provide 

SDR more efficient in the process. 

 
Benefits to the environment. Through process efficiency and sustainable processing, 

the PI strategy will streamline to enable energy savings, reducing greenhouse gas 

emissions. Besides that, the process efficiency and the implementation of sustainable 

systems lead to fewer solvents and increased product yields. Furthermore, due to this 

high selectivity, the formation of unwanted by-products/waste can be suppressed and 

even eliminated, thereby reducing the potential hazard to the environment [6, 18]. 

 
Figure 2.2 below highlights some of the other benefits of business, process, and 

environmental aspects. So far, there are still advantages of PI obtained without a drastic 

reduction in equipment size, and it is considered a more modern interpretation of 

process intensification [4]. 
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Figure 2.2 The advantages of process intensification (PI) [25] 

 

 

2.1.6 The application of PI 
 

In general, the application of PI, according to Reay et al. (2008) [18], has been applied 

in various fields, including chemicals/pharmaceuticals, nuclear industry, food/beverage 

industry, textile industry, metal, glass, and ceramics, offshore industry, waste treatment, 

and power generation. 

 
Some technologies have been demonstrated on an industrial scale, while most processes 

are limited to a lab scale. PI has been widely applied in methods (process engineering) 

and equipment (equipment engineering). Engineering is taken up by focusing on several 

aspects involved in improving process progress, such as fluid dynamics, mixing and he, 

at, and mass transfer. The combination of mixing, mass transfer, and heat give a much 

better reaction rate. 

 
One of the equipment engineering in the framework of this PI is the use of a continuous 

reactor and spinning disc technology as a substitute for a conventional reactor which 
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has difficulties related to the associated exothermic reaction, limiting the heat and mass 

transfer [26]. 

 
PI has been widely discussed in papers on new equipment applications or process 

technologies. In addition, several researchers have proposed the PI concept in recent 

years, complementing the existing ones. For example, Lutze et al. (2010) [27] proposed 

a general system for PI synthesis and design in a superstructure and evaluated the 

intensified process options. Furthermore, Gurven and Stankiewicz [28] reported four 

PI vision approaches: spatial, introductory thermodynamics, functional and temporal 

domains. 

 
Meanwhile, Moulijn et al. demonstrated the PI concept concerning chemical 

engineering and other disciplines. It is also known that Link and co-workers introduced 

PI through the role of integrated synthesis and processes. Besides that, Lakerveld and 

co-workers [29] also presented PI for the crystallization process. More recently, Ponce-

Ortega et al. (2010) proposed a new classification of PI in two classes, namely single 

unit intensification and plant intensification [30]. They present PI in terms of all aspects 

(not only per part) through a mathematical model. In general, the characteristic of PI 

can be described as follows:  

1. Downsizing of equipment (intensification of equipment), but this reduction still gives 

maximum results as if using equipment of the proper size. 

2. Process intensification is characterized by high yields even when using the same 

equipment size. 

3. There is a change in process mode (continuous vs batch) or by changing the reaction 

path (intensification process). This effort is carried out by reducing the number of 

equipment components and the inventory of hazardous materials for a particular 

process by producing the same quality and volume as without the intensification 

process. 

4. There is a reduction in the number of raw materials for the reaction (the number of 

reactants to intensify the process) and other reagent components such as 

coolants/heaters and solvents, additives, etc. 

 

Catalysis research is generally the integration of both PIs. (PI equipment and PI 

method) together with the creation of novel catalysts [31]. It is hoped that this novel 
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catalyst can fulfil its role as a multi-functional catalyst that has gone through the 

intensification of the process, with the potential to create products with high yield, 

conversion and selectivity. In addition, the catalyst can be easily separated from the 

system, thereby reducing the inventory of toxic waste, increasing production and 

energy efficiency resulting in reduced production costs and ensuring environmental 

safety. An example of this PI-catalysis is developing catalyst synthesis and its 

evaluation using gold-based catalysts and MOFs [32]. 

 

 

2.2 Spinning Mesh Disc Reactor (SMDR) – an 
example of PI equipment 

 

The spinning disc reactor (SDR) is a hybrid reactor designed to use a spinning disc as 

a centre for mixing chemical reactions between catalysts and reactants based on 

centrifugal force. Ramshaw’s group developed the spinning disc reactor at the 

University of Newcastle [33]. A spinning Disc Reactor (SDR) is a classic example of 

equipment process intensification where the strategy is to convert the conventional 

rotating tank process (batch reactor) into a continuous reactor system [34].  

 
Spinning Mesh Disc Reactor (SMDR) is a Spinning Disc Reactor (SDR) added with a 

heterogeneous catalyst in shape adapted to the spinning disc topology/contour. In this 

study, the heterogeneous catalyst is resulted from the intensification of the 

homogeneous soluble L-proline catalyst process immobilised on the wool-MOF support 

material, which has been previously tested for reliability in conventional reactor 

systems.  

 
There has been a lot of experimental work available in the literature on applying SDR 

to various chemical reaction processes, but very little has been devoted to synthesizing 

organic compounds. An example is the Emanuelsson research group, which developed 

the SMDR for organic synthesis [35]. 

 
The application of the heterogeneous catalysts development (Wool-MOF-Pr) to SMDR 

is the continued focus of synthesising new heterogeneous catalysts more superb in 
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SDR. Hence, the next section is dedicated to discussing the main characteristics of the 

SMDR as a reliable continuous reactor, among others. Subsequent sections cover the 

basic principles of operation, the distinctive features of continuous reactors using 

rotating discs, heat/mass transfer mechanisms, and some applications of rotating disc 

reactors in the chemical industry. 

 

 

2.2.1 Basic principles of SMDR technology 
 

In the early 1900s, research on spinning disc technology gradually developed with a 

focus on the influence of gravity on the phenomenon of thin-film formation on discs  

[36, 37], [38, 39], [28], [40], [3], [41], [42], [43]. Furthermore, experimental and 

theoretical tests were also intensively carried out on the effect of surface waves on 

mixing efficiency involving mass/heat transfer [14, 15], [44]. 

 
In general, the basic principle of SMDR technology is using a rotating disc (covered 

with a fabric-catalyst), which can produce better heat and mass transfer than 

conventional reactors. The spinning disc is usually a circular plate with a smooth or 

textured surface or grooved depending on the development. The feed stream is pumped 

from the reservoir system precisely to the centre of the disc. The centrifugal force 

generated due to the rotation of the disc evenly distributes the liquid feed over the entire 

surface of the disc to form a thin film layer. In the case of SMDR, the disc and the 

catalyst cloth cause the liquid to scurry against the surface and the interior of the catalyst 

cloth towards the edge of the disc and form a thin film. Schematically, the spinning 

rotation of the catalyst disc is shown in Figure 2.3. 
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Figure 2.3 A spinning disc of the catalyst with a schematic of forces exerted on fluid 

film 

 

 

2.2.2 Characteristics of SMDR 
 

Factors such as rotation speed, residence time, and flow type will influence the reaction 

rate in the SMDR. Besides that, it also has the peculiarity of having a flat horizontal 

spinning disc shape which allows the immobilisation of the catalyst to be adjusted 

easily. Furthermore, due to the advantages of the fast reaction that occurs in the 

spinning disc, the energy consumption of the whole process is low. In addition, due to 

this operation control, the achievement of high viscous material handling can be 

maximised. The following sub-chapters are the main features of the spinning mesh disc 

reactor (SMDR) which offer advantages that cannot be achieved by conventional 

reactors where heat/mass transfer is limited. 
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2.2.2.1 Spinning disc speed (rotational speed) 
 

This feature of the optimum rotational speed of the spinning disc allows for controlling 

the mixing intensity, which is strongly influenced by the length of residence time on 

the surface of the disk plate. However, if the speed exceeds the optimum, there will be 

a reduction in reaction conversion as the residence time is too short to allow for feed 

and catalyst interaction. So it is necessary to screen the optimum spinning disc rotation 

speed to achieve maximum conversion and selectivity. 

 

 

2.2.2.2 Residence Time Distribution (RTD) 
 

The disc rotation speed allows for control over the residence time of the chemical 

reactions, and the optimum residence time can be produced [34]. Optimising the 

residence time feature is essential for increasing the selectivity of the desired product 

[37]. This optimum residence time also reduces product degradation into unwanted by-

products. 
 

 

2.2.2.3 Hydrodynamics type of flow 
 

Usually, the type of flow produced by the rotating disc is included in the continuous 

plug flow giving rise to good mixing in the axial direction. With this plug flow regime, 

it is hoped that the formation of unwanted by-products can be suppressed [45]. 

 
The Navier-Stokes equation, which expresses the film thickness of the resulting liquid 

flow, flow velocity, and residence time, is valid for smooth laminar flow. The rotational 

speed and given flow rate in the hydrodynamic study of the thin film layer will 

determine the type of flow that passes through the entire surface of the rotating disc. 

This characteristic plays a role in mixing, affecting the transfer of mass and heat in the 

fluid. Flow type has been investigated and grouped into three types: smooth laminar, 

wavy laminar, and turbulent. The classification is based on the Reynolds number [46-

49], [12], where Re<16 is a smooth laminar flow type, 16<Re<40 is a small amplitude 
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wave, and 40<Re<80 is a sinusoidal wave, 80<Re<1000-2000 is wavy laminar flow 

and Re>2000 is a turbulent wave. Mathematically, the Reynolds number formula can 

be defined as follows: 

 
 Re = 	

4𝑄
𝜋𝑑𝜈  

(2-1) 
 

 
where, Re = Reynolds number, Q = volumetric flow rate (m3/s), d𝜈 = derivative of 

kinematic viscosity (m2/s).  

 

 

2.2.2.4 Hydrodynamics of thin-film flow 

Boodhoo et al. (1999) [50] proposed a balanced model between centrifugal force and 

viscous force opposite in the radial direction, representing the hydrodynamics of thin-

film flow on a rotating disc with a smooth surface. When a solution is supplied to the 

disc centre or vicinity by a nozzle, the thin film will form over the disc due to centrifugal 

forces, which push out the fluid and create shear stresses by the friction of disc 

surfaces/liquid solution. This tangential and radial acceleration allows excellent 

micromixing resulting from high mass and heat transfer. This intense shearing and 

mixing affect the short fluid residence time [51]. The film thickness and residence time 

can be represented as equations 2-2 and 2-3 as follows:  

 

where n = liquid viscosity (Pa s), Q = liquid flow rate (m3 s-1), r = liquid density (kg 

m-3), r = disk radius (m), w = rotational speed of the disk (radian s-1) and f = liquid 

film thickness (m).  

 
Mean residence time (s): 

(2-3) 

Film thickness (m): (2-2) 
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where r = disc radius (m), n  = liquid viscosity (Pa s), r = liquid density (kg m-3), Q = 

liquid flow rate (m3 s-1), w = rotational speed of the disk (radian s-1) and t = mean 

residence time of the liquid (s).  

Figure 2.4 shows the phenomenon of the liquid film behaviour on the smooth disc at 

two different disc rotational speeds [52, 53]. Generally, a thin film, typically 50 to 600 

µm, is formed on a soft disc [54]. This formation minimises the conduction/diffusion 

path lengths between the disc and liquid. Several parameters, including rotational 

speed, feed flow rate, and fluid physical properties such as surface tension and 

viscosity, affect the types of film wave (spiral, concentric or irregular).  
 

 

  
(a) (b) 

 
Figure 2.4 The liquid film behaviour on the smooth spinning disc at two different 

rotational speed (10s-1 and 20s-1) [52, 53] 
 

 

In principle, hydrodynamics, which can regulate the efficiency of the resulting product, 

is determined by several parameter factors such as rational speed (spinning disc speed) 

[37, 55-60], feed flowrate, usually less than 50 mL/s, the spinning disc size [61] 

typically with a diameter range of 10-50 cm. In addition, it is also determined by the 

spinning disc surface texture [37] and viscosity of the film thickness. 

Unlike the microreactor, which has very high micromixing, it is constrained by 

clogging due to its microchannel. The rotating disc reactor combines micromixing with 
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its thin film, reducing clogging. The concept of micromixing can be applied to various 

reactions for both homogeneous and heterogeneous catalyst reactions. 

 

2.2.2.5 Catalyst immobilisation 

The horizontal disc shape allows the catalyst to be immobilised on the disc surface in 

various ways. Several studies have experimented with coating discs with a thin layer of 

catalyst [37], [62]. This study designed the immobilisation of homogeneous catalyst 

dissolved L-proline on a wool fabric sheet combined with the MOF porous support 

material. The flexible shape of the fabric facilitates disc mounting applications while 

maintaining the thin film characteristics that are the hallmarks of rotating disc reactors. 

And the ease of separating the catalyst from the final product is easily achieved. 

 

2.2.2.6 Low energy consumption 

One of the SDR applications is its use for polymerization processes. For example, 

Jachuck et al. (1997) found that the polymerisation process will save up to 40% more 

energy than the same reaction using a conventional reactor [63]. 

Thus, the intensification of chemical processes using SMDR/SDR technology saves 

energy and makes separating the catalyst from the final product easy, impacting 

environmental safety and saving operational costs. 

 

2.2.3 Heat transfer 

The increased mixing is due to the thin film on the disc surface, the increase in surface 

area per unit volume in the thin film, and the reduced conduction path between the disc 

and the process fluid, leading to improve heat transfer. Jachuck and Ramshaw (1994) 

suggested that this heat transfer could be enhanced under the condition of the grooved 

disc surface [64]. A wavy/grooved disc surface causes small liquid ripples, causing film 

instability and increasing heat transfer rate. Besides that, it is also known that the disc's 

rotational speed affects the heat transfer rate. It is known that the heat transfer 
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coefficient increases up to 1000% under the action of the much higher rotational 

acceleration of the disc [64]. They also found that the higher the rotational speed of the 

disk, the thinner the resulting film, and if the film were without waves, the heat transfer 

coefficient would decrease. The heat transfer coefficient for the process in the rotating 

disc reactor depends on the thickness of the liquid film and the surface wave of the film 

or the instability of the liquid film. In addition, the thickness of the liquid film is also 

affected by the flow rate of the reactants. The higher the flow rate, the higher the 

thickness of the liquid film, but the flow rate of reactants that exceeds the optimum 

limit will reduce heat transfer because the thickness of the film that exceeds the 

optimum limit of the thin film creates perfect mixing. Therefore, to achieve optimal 

mixing, it is necessary to compromise the thickness of the liquid film and the surface 

wave of the film. However, they do not consider the effect of flow rate and rotational 

acceleration on residence time, even though they affect the contact time of the fluid 

with the catalyst passing through the discs, which play a role in the heat transfer 

performance.  

Ozar et al. (2004) found that an increase in rotational speed and flow rate could increase 

the heat transfer coefficient [65]. 

Ramshaw and Aoune described the relationship between heat transfer coefficient and 

film thickness based on Nusselt theory, which can be represented according to the 

following equation [55]. 

 ℎ =
5𝑘
3𝛿 (2-4) 

 
where, k = Thermal conductivity (W/mK) and d = Film thickness (m). 

 

 

2.2.4 Mass transfer 
 

The increased mass transfer in the SDR/SMDR reactor compared to conventional 

reactors is due to the shorter diffusion path between the phases involved in the 

interaction in the thin film on the disc surface and also due to the shear stress caused 
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by the centrifugal force exerted on the liquid, resulting in the instability of the liquid 

surface, creating an increase in mixing. 

 
Ramshaw and Aoune (1999) have measured the mass transfer coefficient of O2 

absorption into thin liquid films. The results showed a correlation between the optimum 

rotational speed and the increase in a mass transfer, which resulted in a higher mixing 

intensity [55]. 

 
Jachuck et al. (1994) reported that CO2 absorption mass transfer into thin films 

increased due to the rising flow rate and disc rotation. In addition, the results of mass 

transfer studies show that the presence of surface waves of the film, for example, due 

to grooved discs or other non-smooth causes, also causes the mass transfer to occur 

[64].  

 

 

2.2.5 Spinning Disc Reactor (SDR) application 
 

This rotating disc technology is widely applied for fast and exothermic reactions, such 

as polymerisation and crystallisation. 

 
The advantage of the rotating disc technology is that it has a short residence time, 

excellent for the consumption of heat-sensitive materials. Some examples of reactions 

have been tested experimentally by several researchers. 

 
What has been done by researchers several times is the use of this continuous reactor 

for styrene polymerisation and condensation polymerisation [66]. However, suppose 

the polymerisation is carried out in a conventional reactor. Then, there is a bottleneck 

in heat and mass transfer, resulting in reduced mixing intensity due to the polymer melt 

thickening during the polymerization reaction. Furthermore, increased viscosity 

decreases the reaction rate because diffusion and mass transfer are impaired under high 

viscosities. 

 
Another application is the use of SDR is to produce drug intermediates through the 

Darzen reaction with a very high reaction time efficiency compared to using a 

conventional reactor [45]. 
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In addition, a thin film as the main characteristic of SDR, allows UV light to penetrate 

efficiently. Therefore, it can be used for various photocatalyst-based reactions [62], 
[67], [58]. 
 
In addition, researchers have also used this SDR technology for precipitation and 

crystallisation [58]. SDR is rationalised attributed to the high mixing efficiency in the 

disc surface films, which ensures homogeneous nucleation, thereby tighter particle size 

distribution and complete crystallization. From a barium sulfate precipitation research, 

this SDR technology provides excellent energy efficiency with a high rate of 

precipitation compared to other processes (T-mixer and Y-tube mixer) [38]. 

 
Akhtar et al. (2009) applied SDR technology to produce ice cream faster and more 

energy-efficient than conventional methods [68]. It is rationalised from the micro-

mixing and the sizeable interfacial area, allowing maximum absorption of protein 

emulsifiers. The mixed molecules can be stretched and decomposed to form a film on 

the disc's surface with high centrifugal force. 

 
Vicevic et al. (2007) [37] used the advantages of the SDR for the heterogeneous 

catalytic reaction. The zinc-triflate (Zn(CF3SO3)2) supported by silica was immobilised 

onto the disc of the SDR. It was found that the catalytic activity increased and also the 

selectivity compared to the conventional reactor. The observed enhancement can be 

rationalised by the intense mixing mechanism within the thin film and the short 

residence times in an SDR.  

 
Furthermore, the application of SDR for organic catalytic reactions using an 

immobilized catalyst resulted in a faster transformation and high selectivity [37] due to 

the short residence time compared to using a conventional reactor for the same 

heterogeneous catalyst. The use of heterogeneous catalysts with this rotating disc 

mixing medium achieves maximum mass/heat transfer benefits and a greener process. 

In addition, the catalyst can be separated from the product quickly. However, the use 

of SDR for the synthesis of organic compounds has not been widely explored. 

Therefore, it is necessary to develop different SDR technology for the broad application 

of organic compound synthesis in the pharmaceutical and chemical industries. 
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2.2.6 Spinning Mesh Disc Reactor (SMDR) components 
 

In general, the main components of SDR are a glass spinning disc with an immobilised 

catalyst, a chamber for the spinning disc, and a feedstock container. Figure 2.5 shows 

the modified spinning disc reactor, SMDR [69].  

 
 
 
 

 

 
 

Figure 2.5 Scheme of spinning mesh disc reactor (SMDR)  
 

 

 

The integrated system consisting of a peristaltic pump, chemical resistant pipes, and an 

injection device (collecting tube for taking product samples and inserting other 

materials) drives the entire work of the spinning disc, and the raw material flow creates 

a harmonious hydrodynamic process. A very crucial part of the driving system is the 

spinning disc drive rod which connects the spinning disc to the driving motor. 
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2.2.6.1 Spinning mesh disc  
 

Spinning discs generally have a diameter of 10-100 cm. The choice of diameter size is 

determined by the technical requirements of each objective. Discs are usually made of 

chemically and thermally resistant materials such as glass, Perspex, stainless steel or 

metal coated with chromium, so they are not reactive to chemicals. Again the choice of 

a material depends on the purpose. Disc surface rheology designs have several types, 

including smooth, grooved and mesh surfaces, depending on the intended use. A 

spinning mesh disc is a spinning disc covered with a fabric catalyst (Figure 2.6). 

 

   
(a) (b) (c) 

 

Figure 2.6 Spinning mesh disc (a) side view, (b) top view and (c) inside the chamber 
 

 

 

2.2.6.2 Chamber of the spinning mesh disc.  
 

In general, the chamber of the spinning disc is made of stainless steel with a size 

adjusted to the diameter of the disc so that the distance between the chamber wall and 

the outer edge of the disc has enough space to allow the mixed solution to flow without 

a hitch (Figure 2.4. (c)). 
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2.2.6.3 Starting material container 
 

The raw material container is generally made of glass, with the volume size adjusted to 

the total mixture of raw materials and overall reagents. This container is connected to 

3 channels: a pipe connected to the peristaltic pump, a tube for sampling the final 

product and a line related to the chamber disc.  

 

 

2.2.6.4 Liquid pump system  

The entire work of the spinning disc and the flow of reaction raw materials concerning 

the hydrodynamic process are driven by an integrated system consisting of a peristaltic 

pump, chemical resistant pipes, an injection device (collecting pipe) for taking product 

samples and inserting other materials needed in the chemical process. A very crucial 

part of the driving system is the spinning disc drive rod which connects the spinning 

disc to the driving motor. When the starting materials and solvent are ready in the 

storage vessel, the peristaltic pump can be run to start the process. When a solution is 

supplied to the disc centre or vicinity by a nozzle, the thin film will form over the disc 

due to shear stresses by the friction of disc surfaces/liquid solution and centrifugal 

forces of the disc. This tangential and radial acceleration allows superb micromixing 

resulting from high mass and heat transfer. This intense shearing and mixing cause the 

short fluid residence time [51], [70].  

 

2.3 Catalysis 

 
The fundamental nature of the catalytic process allows a successful rate increase, 

making the advantages and advancement of various industrial chemical processes, 

including petrochemical, pharmaceutical, agrochemical and fine chemical industries 

[71]. Nearly 90% of the world's existing materials are obtained from the production 

process using catalysts [72]. Compared to conventional methods, catalysts are more 

advantageous [73] because it provides an alternative energy approach and a more 
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sustainable replacement pathway [74]. Since the new route offers lower activation 

energy, then acceleration reaction rate is achieved, resulting in higher productivity. This 

system is a simple catalyst mechanism, but in reality, the presence of an intermediate 

will interfere and create an additional transition state, as in Figure 2.7. 

 

 

 
 

Figure 2.7 Diagram of energy profile when catalyst offers another route through a 
different reaction pathway [75] 

 

 

2.3.1 Asymmetric catalysis  
 

Chiral or asymmetric catalyst is essential for synthesizing compounds with one optical 

compound more active than the other, known as asymmetric synthesis, which results in 

one enantiomer favouring the other and typically supporting environmental 

sustainability. Commonly [76], enantiomeric compounds are compounds with mirror 

images of one another, but the molecules are non-superimposable and have the same 

physical properties. Therefore, they will give the human cell receptor different 

physiological effects and biological activity [77, 78]. It is known well that the human 

cell also contains chiral molecules of enzyme, DNA and RNA instead of cell receptors. 

The main characteristic that makes them so attractive is their molecule's optical 

configuration. Each optical structure of the two-enantiomer of the chiral compounds 

(drug) will respond differently to the receptor. Examples of chiral molecules as drug 
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compounds in single-enantiomer are propranolol [79], thalidomide [80], DOPA 

(dihydroxyphenylalanine) [81] and albuterol [82] (Figure 2.8).  

 

 

Propranolol Thalidomide 

 

 
For heart disease 

treatment 

 

 
Contraceptive 

 

 
Sedative, hypnotic 

 

 
Teratogenic 

DOPA Albuterol 

 

 
For Parkinson’s 

disease treatment 
 

 

 
The (+) form is 

dangerous for the 
body 

 

 

 
Receptor agonist 

 

 

 
Ineffective 

 

 

Figure 2.8 Examples of drug compounds in two different optical configurations 
 

 

The development of new stereoselective reactions can be pursued by involving catalysts 

such as transition metal coordination complexes with chiral ligands and biocatalyst 

approaches through enzyme aldolase and small organic molecules (organocatalyst) [83-

88].  

 
Biocatalyst is a catalyst derived from natural molecules such as bread yeast and 

enzymes. The advantages of biocatalysts are that they are non-toxic and 

environmentally friendly, and the resulting product has high enantioselectivity [89]. In 

contrast, the disadvantage of biocatalysts is the limited scope of diffusing substrates. A 

metal or organometallic catalyst is a catalyst derived from molecular metals such as 

palladium and lithium [90]. However, this metal catalyst also has disadvantages, 

including metal pollution from the waste produced. Therefore, this research uses an 

organocatalyst to support the green process. 
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2.3.2 Asymmetric organocatalysis  
 

Organocatalysis has emerged as an essential approach to asymmetric synthesis as both 

metal catalysts and enzyme catalysts have several drawbacks (limited substrate 

coverage poses significant limitations on their use and problems in preparation and 

cost). This problem makes researchers think switching to organocatalyst is beneficial 

economically and environmentally. For the last ten years, this explosive growth of small 

organic molecules in enantioselective aldol catalysis has been investigated.  

 
Organocatalyst is a catalyst that contains a small organic molecule without metal or 

macromolecules like polymer, protein and nucleic acid. Its contents C, H, N, O, P and 

S, could be chiral or achiral, non-toxic and usually originates from biological material.  

 
In 1970, the two industrial groups: Hajos and Parrish, Eder, Sauer and Wiechart, 

recognised L-proline as the first organocatalyst, which catalysed direct enantioselective 

aldol reaction and produced a bicyclic ketol in high enantiomeric excess (98%) without 

dehydration (Figure 2.9) [91, 92]. 

 

 

 
 

Figure 2.9 Hajos-Parrish-Eder-Sauer-Wiechert reaction 

 

 

Subsequently, in 2000, List and co-workers [93] and Avery (2004) [94] rediscovered 

L-proline as an organocatalyst in an aldol reaction. They reported the first L-proline 

catalysed intermolecular enantioselective aldol reaction of mostly aromatic aldehydes 

with acetone. As a result, one aldehyde (isobutyraldehyde) reached 96% of 
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enantiomeric excess [95]. This achievement is marked as a milestone in the 

organocatalyst development in organic synthesis (Figure 2.10). 

 

 

 
 

Figure 2.10. L-proline organocatalyst for the intermolecular aldol reaction [95] 

 

 

There are many organocatalysts (here are a few famous examples: L-proline, 

DMAP/dimethylaminophosphate, quinine, diols, thiourea, chinchona and MacMillan’s 

catalyst (Fig. 2.11) [96]. However, proline is the most researched due to its inexpensive, 

versatile and abundant availability, and it has shown excellent catalytic activity. 

 

 

 
 

Figure 2.11 Examples of organocatalysts [96] 
 

For the last few years, organocatalysis has gained increasing attention among the two 

others (biocatalysis and organometallic catalysis) due to its advantages over 

biocatalysis and organometallic catalysis. The reason for selecting organocatalyst is 
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free from metal contamination, easy screening, easy scale-up, easy 

preparation/availability, easy handling, and inert to moisture (water) and air (oxygen). 

Moreover, they are trying to find new species in organocatalysts, including the 

derivatives.  

 
There are two groups of organocatalyst, Lewis bases and Lewis acids or Bronsted bases 

and Bronsted acids (Fig.2.12) [97]. Lewis acid is any species that accepts an electron 

pair, and the catalysts act as an acid (Fig.2.12(ii)). On the contrary, Lewis base is any 

species that donates an electron pair to the substrate (Fig.2.12(a)). For example, 

hydroxyl (OH) groups and ammonia (NH3) groups- are Lewis bases as they can donate 

a pair of electrons. Lewis bases are primarily used as organocatalysts by nucleophilic 

addition to the substrates to initiate the catalytic cycle.  

 

 

  
S = substrate 
B = base catalyst with lone electron pair 
P = product 
 

S: = substrate with a lone electron pair 
A = acid catalyst which accepts a lone electron 
pair 
P = product 

(a)Lewis base catalysis (b)Lewis acid catalysis 

  

  
S-H = substrate which donates hydrogen 
B = base catalyst with lone electron pair 
P = product 
 

S: = substrate with a lone electron pair 
A__H = acid catalyst which donates hydrogen 
P = product 

(c)Brønsted base catalysis (d)Brønsted acid catalysis 

 
Figure 2.12 Classification of organocatalysis [98]  
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The Lewis acid catalysis cycle starts by accepting a pair of an electron from Lewis acid 

(A) and lead to the transition state, which does the reaction and then leaves the product 

(P) and catalysts (A) for the cycle to continue. For Bronsted base (Fig.2.12(c)) and acid 

(Fig.2.12(d)), catalytic processes are generated via protonation or deprotonation to 

activate the substrate. An example of this interaction is hydrogen bonding, a weak 

interaction, but it can control stereoselectivity in the asymmetric catalytic reaction. 

 
The types of organocatalysis studied in this research are economically and 

environmentally beneficial (cheap, small, metal-free and high abundance). In addition, 

it must be chemically advantageous to have activation based on nucleophilic-

electrophilic mechanisms and the formation of organized transition states with multiple 

hydrogen bonding frameworks leading to high stereoselectivity. In this regard, L-

proline is chosen as a bifunctional catalyst for aldol reaction (reaction model in 

general).   

 

2.3.3 Proline as an asymmetric organocatalyst  
 
Proline as a versatile organocatalyst has attracted the attention of researchers during the 

last two decades. However, from early 2000 up to now, there has been a surge in 

exploring the excellence of proline. Mac Millan and List are the key researchers who 

have made a breakthrough in the renaissance of proline in aldol reactions, and it was 

the starting point of the term “organocatalysis” [99-102]. 

 
Proline is a typical organocatalyst and is almost enzyme-like. It can have double or 

bifunctional as a centre for Bronsted acids and Lewis bases, as shown in Fig.2.13.  

 

 
 

Figure 2.13 Bifunctionality of L-proline 
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The efficiency of proline in asymmetric catalysis is primarily attributed to its 

bifunctional characteristics and the presence of a chiral centre [103-105]. Moreover, 

proline is an amino catalyst that can act as a nucleophile to form an enamine 

intermediate or an electrophile to form an iminium intermediate. Furthermore, proline 

has higher pKa, which is advantageous as an amino catalyst compared to other amino 

acids. All these characteristics contribute to reaction acceleration [106, 107]. Its unique 

nature leads proline in catalysing several organic compound syntheses such as aldol 

reaction [108-110], Mannich reaction [111], Michael Addition reaction [112, 113], 

Baylis-Hellman reaction [114] etc. 

 
The prominent role of proline which will be applied in this research is for the reaction 

to produce enantiopure compounds -hydroxy aldehyde or hydroxy ketone through aldol 

reactions. 

 
The intermolecular aldol reaction between a carbonyl donor and aromatic aldehyde, as 

one of the simplest and earliest examples of proline-mediated asymmetric induction, is 

a benchmark reaction for studies in the literature and can be used to compare catalyst 

performance, notably the addition of 4-nitrobenzaldehyde to acetone. In their original 

publication list, Lerner and Barbas initially experimented with proline analogues of 

different ring sizes, including other amino acids, but quickly found proline, and the 5-

membered pyrrolidine ring, in particular, to offer the most outstanding efficiency in the 

aldol reaction. 

 
Therefore, the selection of organic proline catalysts is not only because of the molecular 

structure (bifunctional catalyst) but also from an economic point of view. Furthermore, 

it is more profitable due to its abundant availability and low price. However, in terms 

of environmental safety, the difficulty of separating from the product at the end of 

production is an obstacle that must be considered. Therefore, in this research, proline 

heterogenisation will be carried out through immobilisation on solid support materials 

to cover the above deficiencies. 
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2.3.4 Asymmetric aldol reaction 
 
Aldol reaction is one of the reactions in forming carbon-carbon bonds that are important 

in organic chemistry. In its general form, it involves the addition of nucleophilic ketone 

enolates to an aldehyde, creating a ketone β -hydroxy, or "aldol" (aldehyde + alcohol), 

a structure of a drug compound found naturally, typically used as an intermediate 

compound in drug/pharmaceutical synthesis [115]. Sometimes, the aldol addition 

product releases a water molecule during the reaction and forms ketones α and β-

unsaturated. Condensation with an acid catalyst provides acetaldehyde "Aldol". In this 

condensation, some acid catalysts help analyse and cause acetaldehyde to be more 

reactive for addition. Although, in general, the enol experiences a nucleophilic or 

electrophilic attack by the conjugate acid of the carbonyl component, this process 

occurs in equilibrium, and the reaction usually does not stop at the aldol stage. Still, 

dehydration can also happen to produce alpha, unsaturated beta-carbonyl. The substrate 

of aldol reaction catalysed by L-proline has mainly been expanded, and they can be 

cyclic, heterocyclic and hydroxyl ketones. Also, aldehydes can be used as donors for 

similar reaction catalysis. 

 
Understanding the reaction mechanism is the first necessary to address the catalysis 

efficiency. Significantly, there has already been sufficient debate over the mechanism 

of proline-catalysed reactions [116]. The most rationalised connected to the catalysis 

mechanism is the imine-enamine tautomerism model of Houk and List [117]. It is 

known that this mechanism can control the enantioselectivity of the chiral synthesis. 

Figure 2.14 below illustrates the mechanism of the imine-enamine cycle of L-proline 

catalyses the aldol reaction followed by the enamine mechanism [95].  
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Figure 2.14 Enamine mechanism of the aldol reaction catalysed by L-proline [95]  

 

 

The cycle starts with the ketone-nucleophilic attack of the amino proline, forming 

carbinol amine intermediate (a). Next, the dehydration of carbinol amine intermediate 

converts it into iminium intermediate (b), followed by the iminium protonation and 

resulting enamine intermediate (c). Then, a C-C bond step is formed by the enamine-

nucleophilic attack to aldehyde through a Zimmermann-Traxler type transition state (d 

and e). Finally, the anti-aldol product and the catalyst are released by the hydrolysis of 

the iminium aldol intermediate (f). It is known that the 1st step (the formation of carbinol 

amine) is the slowest, and once the intermediate is formed, it rapidly reacts with another 

aldehyde molecule. So, the conversion of the aldol reaction depends on the formation 

of the carbinol-amine intermediate. 

 
Later, List and co-workers, in 2000, described the intermolecular proline-catalysed 

direct aldol reaction using 20-30 mol % L-proline to produce an aldol compound 

(Figure 2.15) [95]. 
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Figure 2.15 L-proline catalyse the intermolecular aldol reaction, by List B and co-
workers (2000) [95]. 

 

 

Shibasaki et al. (1998) [118] reported a BINOL (1,1'-bi-naphthol) based catalyst, 

barium-BINOL, for the aldol reaction of unmodified aldehydes and ketones, resulting 

in a yield of 77-99% and ee 70%. 

 
In the presence of acid or base catalysts, the aldol reaction is reversible, and the b-

hydroxy carbonyl products may revert to the initial aldehyde or ketone reactants by 

eliminating the products. Therefore, to avoid the subsequent condensation, control 

temperature must be followed.  

 

2.4 Organocatalyst immobilisation 
 

Immobilisation is a method to combine the advantages of homogeneous and 

heterogeneous catalysis. The drawbacks of homogeneous catalysis, such as difficult 

separation, no recyclability, catalyst poisoning, and short life, can be alleviated through 

immobilising the catalyst. The catalyst immobilisation lead to new versatile properties 

which can be easily separated and recycled without any changes. Their good nature, 

good recyclability and regeneration lead to long catalytic life. Immobilisation can be 

done by the covalent or non-covalent incorporation of a chiral organocatalyst onto the 

support material. The following methods are the different strategies for immobilising 

chiral organocatalyst on various supporting materials. 
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2.4.1 Covalent immobilisation 
 
Grafting is anchoring the catalytic site directly onto the supporting materials. In the 

past, this method has been employed to support organometallic catalysis. 

 
Covalent immobilisation on an inorganic support. Some of the points that lead to the 

choice of inorganic materials as supporting materials are that they are not soluble in 

organic solvents and do not swell. Their rigid structure gives the advantage of no active 

central aggregation [119]. So they have reliable thermal and mechanical stability. The 

insoluble character of organic solvents becomes attractive when the catalyst is in the 

chiral stationary phase in a continuous process. For example, porous materials have the 

characteristics of high surface area and pores that allow the chiral catalyst to be 

integrated with [120]. Proline derivative attached on MCM-41 (mobile crystalline 

material) has been used for asymmetric hydrogenation of phenylcinnamic acid catalyst 

with an increase in 93% ee recovery from 81% ee of homogeneous catalyst. Apart from 

zeolites [121, 122], and silica [123],	a prominent example is MOFs, the most superior 

porous materials in its class.  

The most recent (2009) immobilization of chiral organocatalysts in inorganic materials 

is the attachment of (S)-N-(pyridine-3-yl)pyrrolidine-2-carboxamide onto the metal-

organic framework (MOFs, MIL-101), which are coordinatively bound. For example is 

MIL-101-Li, where the proline-based chiral ligands are tied to the MOF (there are open 

metal coordination sites of MIL-101), which shows catalytic activity for asymmetric 

aldol reaction. For example, the obtained results are 70% for ee and 60-70% yield for 

the aldol reaction of 4-nitrobenzaldehyde and cyclohexanone (Figure 2.16) [124]. 

 

 

 

 
 

(a) (b) 
 

Figure 2.16 Chemical structure of organocatalysts attachment on (a) MCM-41 and 
(b) MIL-101 [124] 
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Covalent immobilization on polymer. PEG500 (polyethylene glycol) (Figure 2.17.(a)) 

is an example of a polymer used as a support material to immobilise organocatalysts, 

especially proline. Synthesis of 4-nitrobenzaldehyde with acetone or hydroxyacetone 

using this heterogeneous catalyst gives the same ee value as ee using a homogeneous 

catalyst [125, 126]. However, its catalytic activity decreased from 68% to 51% with 3X 

recyclability. More recently, polystyrene-supported proline (Figure 2.17.(b)) was 

revealed to catalyse asymmetric aldol reaction between cyclohexanone and aldehyde 

resulting in 98% of ee and a yield of 74% [127].  

 

 

 

 
 

 

 

(a) 
 

(b) 

 
Figure 2.17 Chemical structure of (a) polyethylene glycol (PEG500)-proline [125]  

and (b) polystyrene-proline [127] 
 

 

2.4.2 Non-covalent immobilisation  

Impregnation is the immobilisation of catalytic moiety onto solid support via 

electrostatic interactions. Usually, impregnation is for non-covalent immobilisation. 

 
Non-covalent immobilisation by ion exchange. Electrostatic interactions occur when 

a chiral moiety experiences ion exchange with resin. An example of this method is 

chiral diamine which is supported by a polystyrene(PS)-sulfonic acid resin [128] 

(Fig.2.18.(a)). It is evaluated by aldol reaction between 4-nitrobenzaldehyde and 

cyclohexanone with a good result and recycled five times . Another example is the 

immobilisation of osmium tetroxide (OsO42-) in layered double hydroxides (LDHs) 

[116]. The exchange of chloride anion for OsO42- resulted in an LDH-OsO4 catalyst 
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(Fig. 2.18.(b)). Evaluation for asymmetric dihydroxylation of trans-stilbene gave 96 % 

yield and 99 % ee. 

 

 

 

 

 

 
(a) (b) 

Figure 2.18 The chemical structure of (a) PS/sulfonic acid-diamine catalyst and (b) 
LDH-OsO42- catalyst [116] 

 

 

Non-covalent immobilisation by adsorption. The principle of this method is based on 

the van der Waals interaction involving the chiral ligand with the support causing 

simple physisorption between the chiral ligand-support material surfaces. However, 

this method lacks success due to the weak bond between chiral and host (van der 

Waals), which could lead to easy leaching. Therefore it is necessary to select the solvent 

in the synthesis of the catalyst. Thus, another attempt was made by increasing the bond 

strength through hydrogen bonds. Immobilisation of proline onto g-Al2O3 is an example 

of this method. It is reported that g-Al2O3-proline catalysed some aldehyde-acetone 

with inverse selectivity and 68 %-78 % yield [129].  

 

2.4.3 Occlusion in porous materials (encapsulation) 
 
Encapsulation in the porous material is the entrapment of catalyst components into the 

cage of pore material. This method can be seen in Figure 2.19, which shows proline 

entrapment in a silica cage (MCM41) [130]. Asymmetric aldol reaction between 4-

nitrobenzaldehyde and dioxanone resulted in ee up to 82 %, using MCM41-Pro catalyst.  
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Figure 2.19 L-proline derivative encapsulated onto mesoporous MCM41 formed 
MCM41-Pro [130] 

 

 

2.5 Metal-organic frameworks (MOFs) as  
heterogeneous support materials 

2.5.1 An overview of MOFs 
 

Based on IUPAC terminology, “A Metal-Organic Framework, abbreviated to MOF, is 

a coordination network with organic ligands containing potential voids” [131]. A 

coordination network can be defined as a solid compound extended through repeating 

molecules composed of a central metal atom and a group of atoms (called ligand) in 

two or three dimensions [131]. The early terminology of MOFs is porous coordination 

polymer (PCP)/microporous coordination polymers (MCPs) or porous coordination 

network (PCN) but since 1995, MOFs term more popular and preferred to be used. 
 
In principle, structurally, the coordinating network connects the building of metal ions 

or a group of metal ions with metal ions or a group of similar metals by an organic 

ligand called a linker. The organic ligand typically is molecules of a functional group 

in multiple coordination. Commonly they act as a Lewis base, such as amine, imidazole 

and carboxylate [132]. The group of metal ions builds a cluster called system building 

units (SBU). Between one SBU and another, it is bridged by a linker to enable the 
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formation of one-dimensional, two-dimensional or three-dimensional architecture 

buildings. 

 
The first time MOFs were used in the literature was written by Yaghi et al. (1995) 

[133], [Zn4O(BDC)3]n, (MOF-5, H2BDC = 1,4-benzene dicarboxylic acid) with 

Langmuir surface area of 270 m2/g ) used as gas sorption [134]. This invention 

pioneered further MOF research to enable it at a fast-growing level in the last two 

decades.  

 
Therefore, the intense research related to MOFs found Zn4O(BDC)3 or IRMOF-1 or 

MOF-5 with a surface area of 3000 m2/g [135]  and allowed to predict its scale up from 

the symmetry of ligand length, a breakthrough in engineering the microporous material 

and modify the voids. 

 
The initial porous material model is the employability of zeolite in many chemical 

industries. However, a new class of porous materials has recently attracted scientists' 

attention, the metal-organic framework (MOF). An early example of research in MOFs, 

called “coordination polymer”, was invented in the late 1950s [136]. Also, in the early 

1960s [137, 138], Robson et al. (1995) [139] reported MOFs in terms of a “coordination 

network”,  followed by Kitagawa and co-workers (1991) [140]. However, it is only 

since the work of Yaghi et al. (1999) [141, 142] and Ferey et al. (1998) [143] that the 

term MOF was first introduced. 

 

2.5.2 Fantastic role of MOFs  
 

The excellent feature of MOFs, for example, highly tuneable adsorption capacity, 

highly generated activation on the framework, etc., make MOFs useful for many 

subjects. Furthermore, the ease of MOF to be designed following the desired chemical 

and physical properties allow for MOF application in various fields. Some of the roles 

of MOF are as follows (Table 2.1).  
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Table 2.1 MOFs application in various fields 

 
Applicability 

 
Purpose example 

 
MOF type 

 
Reference 

 
Energy storage and 
gas separation 

Minimize CO2 emissions 
 

[Zn(NBIM)(NIM), 
ZIF-78 
 

[135], 
[144, 145] 
 

Environmental 
Contaminants 
Repellent 

Reducing heavy metal 
arsenic 
Repellent organic 
contaminant for methylene 
blue and orange 

UiO-66 
 
[Fe3O(BDC)3(DMF
)3]·FeCl4, MOF-
235 

[146] 
 
[147] 
 
 
 

Drug delivery The delivery vehicle for 
Ibuprofen 

MIL-101 [148] 

Membrane and 
coating 

-Separation of H2 from 
larger molecules 
 
-filtration of organic 
immiscible liquids 

-ZIF-8 
 
 
-Graphene MOF 
 
 

[149] 
 
 
[150] 
 

Heterogeneous 
Catalysis or as 
supporting material 

-epoxidation of alkenes 
 
 
-Fiedelcraft reaction 

-[Zn4O(Mnsalen)3 

(DEF)19(EtOH)13(H
2O)11]n } 
 
-UiO-67 

[151] 
 
 
 
[152] 

Chemical sensing Sensor for ozone and Al UiO-66-butene [153] 
 

 

2.5.3 Design of MOFs for catalysis 
 

The extraordinary porosity of MOFs compared to other porous material counterparts 

allows MOFs to be catalysts themselves and as supporting material for different catalysts. 

However, the design of MOFs either as a catalyst or as supporting material is 

inseparable from the fact that MOFs are unstable, easily destroyed in the absence of 

guest molecules, and easily decomposable at high temperatures and chemical 

environments. So in designing the MOF, the architecture and functionalization of the 

pores should be controlled to create a stable and permanent porosity material [134], 
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[154]. Further, developing a large surface area and pore volume is crucial for its 

application in catalysis [155, 156].  

 
MOFs are constructed by a system building unit (SBU), and each SBU with another 

coordinative bonding by organic ligand. Therefore, designing the MOF includes 

selecting metal ions, the organic group as a linker, and solvent syntheses. In addition, 

catalyst grafting onto the framework can be developed through the following strategies 

[157], [158]: the metal node vacancies (CUS) as an open metal site, the organic 

functional group of organic linkers, the inorganic functional groups of organic linkers 

and active guest species encapsulated in the MOF cages (within the pore). 

 
Those strategies will influence the feature of the resulting MOFs. So it is possible to 

prepare MOFs in which the catalytic function is located at these three parts (metal ion, 

linker and pore/cage). The coordination of the linker-metal centre is one of the main 

parameters which influence the stability of a MOF and allows for tuning the catalytic 

functionality from this site. There is a significant relationship between material stability 

and electron valence. The higher the metal charge, the more stable the metal ion. For 

instance, a zirconium-based MOF [Zr6O4(OH)4(BDC)6], UiO-66 [159], Zr4+ is known 

to be the most substantial metal ion among the other transition metal ions. The MOF 

shows the best stability compared to using other metal transitions. It is because of a 

robust electrostatic bond with the oxygen atom of BDC-ligand. The combination of 

chemical and thermal stability (decomposition temperature at 540 °C) are factors that 

support catalysis's main issue in chemical industries. 

 
In every MOF synthesis, foreign compounds are continually added, which can control 

the physical properties of MOFs. The intentional addition of modulators in the MOF 

synthesis is intended to affect the crystallinity and morphology of the resulting product 

[160-163]. Generally, the modulators are monodentate organic compounds, including 

acetic acid, benzoic acid, formic acid [164], hydrochloric acid [165], and hydrofluoric 

acid [166], trifluoroacetic acid [167] and recently amino acid [168]. The ability to 

control the surface chemistry of MOF particles is still in its infancy; however, it is 

becoming a topic of interest [169].  

 
Adding a modulator allows the physical and structural properties of `MOFs and creates 

defects predominantly caused by missing linkers/clusters [170-172]. For example, 
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acetic acid synthesising UiO-66 provides missing linkers and creates mesopores that 

significantly alter the pore volume and surface area. It was reported that the pore 

volume increased by 150% and the surface area by 60% [165], [173] and anticipated 

that different modulators would provide different modulating abilities. Consequently, 

it would result in different hydrophobicity/hydrophilicity, basicity and chemical 

functionality. 

 
Carboxylic acid linkers. The size of the void produced in the cluster system depends 

on the length of the organic ligand chain. The carboxylate and nitrogen-based donor 

linkers are typical of organic bridging ligands used in MOF architecture.  

They are believed to compete with bdc for coordination to the clusters, slowing down 

the precipitation rate of the MOF and allowing the growth of larger crystals [174]. 

Figure 2.20 reveals a different length of the carbon chain and an aromatic number of 

carboxylate-based linkers that have been used in MOF syntheses [141], [175-178]. 

 

 

 

 
 

Figure 2.20 A range of polycarboxylic acid linkers used in MOFs syntheses 
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One of the MOF examples using BDC linkers is [Zn4(BDC)3], MOF-5. This kind of 

MOF is the shortest MOF. The length of the species leads to a rigid network structure. 

Still, the metal node with 2 electron valence is insufficient for the framework to survive 

in permanent porosity when the framework is open with the release of guest molecules. 

Further research in this field is necessary to build an immense void by applying more 

extended bridging ligands such as TPDC (Triphenyl dicarboxylate), forming 

[Zn4O(TPDC)3], IRMOF-16 (IRMOF=Isoreticular MOF) as a repetition of MOF-5 

[179]. Between SBU and metal node connected by TPDC with voids size of 19.1 A, 

bigger than MOF-5 (11.2 A). The length of the C chain in the organic ligand group 

determines the size of the voids produced, which affects the level of porosity of the 

material produced. But this becomes an obstacle to the strength of the MOF framework 

because it is found that the longer the functional group of organic ligands, the less the 

strength and stability of the structure of the MOF framework [180]. 

 
Eddaoudi et al. (2002) reported that they succeeded in synthesizing a series of is 

reticular MOF featuring a different volume of cages according to the organic length of 

the loop used. The term “isoreticular MOFs” describes MOFs with the same network 

topology [139, 179]. Thus, the linkers in a series of isoreticular MOFs are different 

chemical compounds, often with other geometric extensions but with the same 

connectivity number. It is known that the synthesis uses the same parameters and 

reaction conditions except for the difference in the length of the organic linker chains. 

Notable examples of isoreticular MOFs include the IRMOF (IsoReticular Metal-

Organic Framework) [181] and UiO (Universiteti Oslo) series [159], [182]. Figure 2.21 

only captures some of their research results, showing several consecutive isoreticular 

MOFs in volume cages/pores. It is clear that the longer the organic linker, the bigger 

the pore volume. 
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Figure 2.21 Isoreticular series of IRMOF, in various organic linker lengths [183] 

 

 

Mixed-linkers (MIXMOFs). The pores of the MOFs can also be tuned by using a 

combination of two (or more) different linkers, and it is an effective way to modulate 

the properties of a MOF. Two (or more) linkers are used as starting materials, resulting 

in a framework where they are randomly dispersed, and the properties are a 

combination of those of the pure MOFs. Zinc-based MOFs have been reported as an 

example of MOF building using two different carboxylate linkers 

[(Zn4O)3(BTB)4(BDC)3], UMCM-1 (University of Michigan Crystalline Material), 

(BTB=benzene-1,3,5,tribenzoate) [184]. The resulting void size is 32 A, with the BET 

surface area being 4160 m2/g. This work has revealed several factors responsible for 

the pore and surface area development. In addition, Yaghi et al. (2010) [185] with 

Multivariate MOFs (MTV-MOFs) and also Andrew Burrow and co-workers with 

Mixed-component MOFs (MC-MOFs) [186] have promoted and analysed connection 

mixed linkers with porosity and surface area. 

 
Defects in MOFs. The activities sites can also be set up through the CUS 

(coordinatively unsaturated sites) pathway. Therefore, tuning the MOF activity through 

coordinatively unsaturated sites (CUS) paths and catalytic defects in the grid lattice 

cannot be excluded even though the MOF crystal structure is always well ordered in 

general [187-189]. Some preliminary work in the 1990s by Corma and co-workers 

found that the number of CUS/defects can be tuned. In addition, Ali et al. (2010) [190] 

investigated Mn3[(Mn4Cl)3(BTT)8 (CH3OH)10]2 (BTT= 1,3,5-benzene-tristetrazol-5-

yl) to catalyse cyanosilylation of carbonyl substrates in excellent activity with up to 98 
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% yield at room temperature and also showed up to 63 % yield for the Mukaiyama-

aldol reaction between silyl enolate and aldehyde at -45 °C [191]. Phan and co-workers 

developed this method and concluded that the direct C-C coupling reaction between 2-

hydroxybenzaldehyde and 1,4-dioxane catalyzed by the CUS of [Cu2(BPDC)2(BPY)]n 

(BPDC = 4,4'-biphenyl dicarboxylic acid) resulted in up to 99 % conversion in 1,4-

dioxane after two h at 100 °C [192]. In more recent evidence, Čejka et al. proposed a 

Lewis solid site from a defect dynamically built in the Cu-BTC and Fe-BTC. These 

defective activated sites can catalyse Knoevanagel condensation of carbaldehyde and 

benzaldehyde with cyclohexane at 130 °C for 6 hours [193]. Furthermore, it was shown 

that there is a tendency to add a monocarboxylic acid modulator more favourably to 

form a missing linker defect. The presence of this defect is associated with an increase 

in porosity [194].  

 
Concerning the potential for defects to binding to organocatalysts through 

immobilisation, defects in zirconium-based MOFs were also investigated in 2011. It 

was revealed by thermogravimetric analysis: that experimental weight loss above 400 

°C is known to occur frequently smaller than the ideal loss in the case of a non-defective 

frame [195]. In contrast to other types of MOFs with less connected SBUs that cannot 

survive linker removal, it is also known that zirconium-based MOFs can survive under 

missing linker defects (up to 25% without framework collapse). This quantity of linkers 

loss of up to 25% means that 4 of the 12 links between metal centres are missing, 

leaving 8 to hold the structure [173]. The stability of this framework is another reason 

why zirconium-based MOF was chosen as the organocatalyst support material in this 

research. 

 
MOFs synthesis method. There are several methods to synthesize MOFs, such as 

electrical heating, vapour diffusion, using microwave chamber, mechanochemical, 

sonochemical and electrochemical syntheses. In this research, electrical heating is used 

for synthesizing the MOF catalyst.  

 
Electrical syntheses as a conventional synthesis can be classified into two groups, e.g. 

solvothermal and non-solvothermal synthesis. A solvothermal method is a synthesis 

method carried out in a closed vessel (usually a Teflon-lined stainless steel autoclave) 

with a specific temperature above the boiling point temperature of the solvent so that 
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the pressure generated is autogenous [196]. The solvothermal method can be 

hydrothermal when the solvent is water, and the term “solvothermal” is used explicitly 

for organic solvent. In contrast to the non-solvothermal approach, it is a synthesis 

reaction heated to a temperature below the solvent's boiling point. It applies a particular 

pressure setting from outside the container. The reaction parameters involved are 

temperature (ranging from 80 °C to 220 °C), substrate concentration and solvent. 

 

 

2.5.4 Zirconium-based MOFs as catalyst support 
materials 

 

The first zirconium-based MOF was invented by Cavka et al. in 2008 at the University 

of Oslo in terms of UiO-66 [159]. The framework architecture can be seen in Figure 

2.22 [197, 198]. 

 

 

 

 
 

 

 
 

(a) (b) 
 

Figure 2.22 Zirconium-based MOF: (a) SBU of UiO-66, (b) octahedron cluster of 
UiO-66 

 

 

UiO-66 was built by a zirconium metal ion and a ligand of 1,4-benzene-dicarboxylate 

(bdc). The framework was composed of 1,4-benzene-dicarboxylate linkers connected 

to Zr6O4(OH)4 as SBU, which has octahedron and tetrahedron cage (diameters of 11 

and 8Å, respectively) [199, 200] [159]. Octahedron arrangement is the majority SBU 
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occurred in the UiO MOFs. It was known that zirconium-based MOFs were remarkably 

stable, both chemically, mechanically and thermally (relative to other known MOFs at 

this time) [159]. This stability is indifferent to the Zn-O bonds found in IRMOFs, which 

are easily hydrolysed, making them unstable frameworks. On the contrary, the Zr-O 

bonds in Zr-MOFs are strong and are not easily hydrolysed [176, 201]. Moreover, this 

stability can also be rationalised by a high valence electron (+4) and a high coordination 

number (12). Zirconium ion with valence electron of +4 is very reactive, specifically to 

the carboxylic group [195]. These intrinsic properties include: cheap (based on Zr4+ 

and terephthalic acid), high porosity and surface area (SBET typically exceeding 1000 

m2g-1from experimental and 1644 m2g-1 from theoretical/computerisation) [159], 

[165], [202] high thermal stability (mostly up to 500 °C), increased stability against 

hydrolysis, easy to synthesize and versatile, allowing for zirconium-based MOFs to be 

chosen as immobilisation support materials in this study. Moreover, the defects that 

accompany variations amongst experimental samples and theoretical structures, such 

as missing linker/cluster defects (coordinatively unsaturated to metal centre), allow 

functional species to connect to the metal node. The high surface area and two cages of 

tetrahedron and octahedron allow UiO-66 to be useful for gas adsorption, gas separation 

and catalysis. 

 

 

 
 

Figure 2.23 UiO-66 crystal structure. Green=Zr, red=O, dark grey=H, yellow and 
cyan=pore voids [173] 
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UiO-66 is a Zr-based MOF which offers high chemical and thermal stability. Figure 

2.23 is a crystalline cubic structure consisting of [Zr6O4(OH)4]12+ nodes and 

terephthalic acid linkers, with pores of around 6 Å (seen in yellow). Because of the high 

connectivity of this MOF when fully coordinated with 12 terephthalic acid linkers per 

Zr metal centre, missing linkers can be tolerated within the structure while maintaining 

high stability [173].  

 

2.6 Wool as catalyst support materials 
 

The advantages of textiles, such as cheap, easy coating and their diverse structure, have 

encouraged researchers to use textiles as an alternative for catalyst support materials. 

Some textiles that have been studied as catalyst support materials are carbon, 

polypropylene [203], polyacrylonitrile [204], cotton [205], nylon [203], 

polytetrafluoroethylene [162], polyester [163] and wool [206]. Wool has not been 

widely researched as a support material for catalysts. However, its superiority has been 

researched as a sustainable material and biodegradable [207], making it well suited for 

several technical applications. 

 

Wool fibres as a catalyst and as catalyst support. Limited research on the application 

of wool as a catalyst has been carried out. The wool powder has been used as a catalyst 

for nitromethane and aldehyde to form b-nitro alcohols [208]. Sulfonated wool has also 

been a catalyst for synthesising polyfunctional heterocyclic compounds [209]. As a 

fibre material, wool can also function as a support material for catalysts. So far, wool 

has supported metallic catalysts such as Wool-palladium, which catalysed the 

hydrogenation of aldehydes [210]. Likewise, being a host for platinum provides an 

asymmetric hydrogenation catalyst that hydrolyses ketones to alcohol [210], and many 

other metals can impregnate wool, for instance, iron [211],, rhodium [212], copper 

[213] etc. The most comprehensive studies that have been investigated are metallic-

photocatalysts [214], such as zirconia [215] and titania [216]. Wool has also been used 

as a support for biological catalysts. The most widely reported is wool fibres as a 

support for the enzyme lipase [217].  
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Wool has also begun to be seen as a host for organocatalysts since it is known that some 

organocatalysts have a bifunctional catalyst structure as Bronsted acids and Lewis bases 

in one compound. So far, only photoactive organocatalysts have been reported as 

organocatalyst immobilisation onto wool. A study of non-photochemical 

organocatalyst immobilisation was the immobilisation of organocatalysts on nylon 

fabric [208]. 

Chemical structure of wool. A native structure of wool is predominantly composed of 

the protein keratin, as previously reported by Johnson et al. They wrote that wool is a 

fibrous protein, keratin, consisting of about 20 amino adds as building blocks, with all 

but one having the formula +NH3-CHR-CO2 [218]. Therefore, condensation of 

carboxylate and this monomer C-chain will convert to a polypeptide with a chemical 

structure +NH3-CHR-CO-NH-CHR-CO2. Figure 2.6(a) shows a scanning electron 

micrograph of native wool with the emergence of cuticle boundary clearly. In 

comparison, the chemical structure of wool surfaces can be seen in Figure 2.24. 

 

  

(a) (b) 

Figure 2.24 (a) Scanning electron micrograph of native wool and (b) surface 
chemical structure of wool  
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The organocatalyst immobilisation design can be carried out efficiently by starting from 

the wool surface's chemical structure. 

 

2.7 Gaps in the literature 
 

The literature suggested maximizing the functionality of organocatalysts and 

heterogenesis is one of the strategies to increase their benefit for transformations. The 

most popular strategy adopted is catalysis immobilisation of the support material. 

However, the immobilisation of organocatalyst in materials is constrained by its effect, 

including the deactivation of catalyst and surface area reduction. Hence, the selection 

of material support needs to have a larger surface area and pores.  MOFs have been 

shown to have suitable characteristics due to their large surface area and pores, which 

are ideal for enhancing the material's catalytic site. They also have the highest material 

pores in their class. However, most design for organocatalysis immobilisation applies 

Post Synthetic Method (PSM). Therefore, solvothermal is another alternative to 

synthesising heterogeneous catalysts. 

 
In MOFs design, the chemical and physical stability and the surface area and activity 

centre need to be maintained to achieve the maximum catalytic activity. In this research, 

the application of a mixed-linker is employed. In addition, another strategy is the 

application of Brønsted acid to the linker connecting the SBU and the MOF zirconium 

cluster. Finally, a solid acid attached to the mixed linker is applied. To the best of the 

author’s knowledge, this is the first study that has reported using zirconium-mixed-

linker-based MOFs as a host for organocatalysis immobilisation.  

 
Organocatalysis immobilisation onto MOFs is commonly used to synthesise the new 

heterogeneous catalyst. However, the functionalisation of organocatalyst  (L-proline) 

onto woollen fabric is novel. Likewise, the immobilisation of organocatalysts in wool, 

combined with growing MOFs at the same time as the immobilisation process takes 

place, is something new. 

 
Aldol reaction has been chosen as a model reaction to evaluate the catalytic activity of 

the new catalyst. In this research, aldol reaction between two aldehydes (or an aldehyde 
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and a ketone) resulting in b-hydroxy aldehyde is used in a scale-up reactor, SMDR 

(Spinning Mesh Disc Reactor).  

 
The literature informed there had been much research on understanding their kinetics 

behaviour and mechanistic pathways, which resulted in highly efficient 

organocatalysts. However, no study has reported the immobilised organocatalyst 

employment in the intensified reactor such as SMDR. Therefore, the SMDR as an 

innovative reactor will be used to evaluate the applicability of the novel catalyst for 

efficient reactor scale-up. Comprehensively, the application of new catalysts Zr-MOF-

S30Pr, Wool-Pr, and Wool-Zr-MOF-S30Pr on SMDR to synthesise C-C bonded chiral 

organic compounds is a novelty in asymmetric catalysis. 

 

 

2.8  Aims and Objectives 
 

The main focus of this research is to develop and characterise a new heterogeneous 

catalyst by immobilising the L-proline organocatalyst onto the support material and 

evaluate its performance in the innovative SMDR reactor. The supporting material to 

be used is zirconium-based metal-organic frameworks (Zr-MOFs). This research will 

be categorised into three groups: 

• Synthesis of Zr-MOF-SxPr catalyst (immobilisation of L-proline onto 

zirconium-based MOFs, x=percentages of s) was followed by synthesis of 

Wool-Pr catalyst (immobilisation of L-proline onto woollen fabric) and 

synthesis of Wool-Zr-MOF-SxPr catalyst (immobilisation of 4-hydroxyproline 

onto woollen fabric as well as on MOFs grown on wool). 

• Characterisation of new catalyst materials (Zr-MOF-SxPr, Wool-Pr and Wool-

Zr-MOF-SxPr) 

• Performance evaluation of each catalyst in the innovative SMDR and 

conventional reactors 

 
The objectives of each of these areas are highlighted below. 

1). Immobilisation of L-proline onto zirconium-based MOFs followed by 

immobilisation of L-proline onto woollen fabric and immobilisation of 4-

hydroxyproline onto woollen fabric along with MOFs grown onto wool. For the first 
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part of this study, the main objective was to synthesise a Zr-MOF-SxPr catalyst. The 

method used is solvothermal with L-proline directly added, which will act as a 

modulator that occupies the void due to a defect in the Zr node [219]. Previous research 

on grafting L-proline on MOF was usually conducted using PSM (Post synthetic 

method) [220-222]. The inter molecule zirconium nodes are connected by a sulfonated 

mixed-linker to control the surface area and pore volume. However, no investigation of 

this kind has been carried out to immobilise L-proline comprehensively. This new 

method is expected to achieve crystalline material with controlled size, shape, and 

purity [223]. Other effects are expected to arise from the additional active centre[224] 

of -SO3H (Bronsted acid) and also the possible role of the metal ion Zr as a Lewis acid 

catalyst [224]. 

 
Wool-Pr catalyst synthesis will be carried out by activating the reactive centre of both 

with specific reagents. The connection between the reactive groups is expected to be 

based on covalent chemical bonds and not just unstable physical adsorption. Previously, 

other researchers had never done something similar. As far as the authors know, they 

used wool to support lipase enzyme catalysts, copper, and amylase [35, 225-227]. 

 
The synthesis of the Wool-Zr-MOF-SxPr catalyst was carried out by a similar method 

to the Zr-MOF-SxPr catalyst, differing in the crystal growth temperature using room 

temperature. In addition, the functionalized organocatalyst is 4-hydroxyproline, 

whereas previously used L-proline. So far, the immobilisation of proline-based 

organocatalysts at room temperature has not been carried out. 

 
Other parameters that determine the performance of these catalysts are temperature, 

catalyst loading, solvent and ratio of mixed-linker. Therefore, it will be performed on 

all those parameters before stepping forward. 

 
2). Characterisation of new catalyst materials (Zr-MOF-SxPr, Wool-Pr and Wool-Zr-

MOF-SxPr). The material characterisation aims to determine the extent to which L-

proline has been embedded in the MOF and also to ensure that the new material meets 

the criteria as a stable heterogeneous catalyst and has a high surface area and pore 

volume as well as an acidic and basic active centre with a significant contribution to 

the aldol reaction. The material characterisation will be used in several chemical-
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physical analytical methods: NMR, PXRD, FTIR, TGA, SEM/EDX, N2 physisorption, 

and XPS. 

 
3). By utilising the predominance of the spinning disc (namely rotation) as one of the 

PI strategies that enhance mass and heat transfer, these catalysts have to be applied in 

SMDR. The optimisation of spinning disc work will be carried out by operating the 

SMDR on a combination of control parameters: spinning disc speed/rotational speed 

and feed flow rate. For this reason, it is necessary to do a screening of these two 

parameters. 

 
So far, the use of SMDR for the synthesis of chiral organic compounds has never been 

carried out, and its use is still limited to polymerisation/depolymerisation reactions, 

barium sulfate precipitation reactions, etc. Furthermore, organocatalyst-MOFs-fabric 

heterogeneous catalysts in SMDR have never been studied. Therefore, applying the 

novel heterogeneous catalysts (Zr-MOF-S30Pr, Wool-Pr and Wool-Zr-MOF-S30Pr) to a 

scaled-up intensified SMDR makes it possible to produce monostereoisomeric chiral 

compounds on an industrial scale. 
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Chapter~3 

General Method    
 

 

 

3.1 Introduction 
 

This chapter describes the experimental and analytical facilities and procedures used in 

heterogeneous catalysis development studies and their applications in intensified SDR 

(SMDR). The development of heterogeneous catalysts, including the synthesis 

involving the immobilisation of organocatalysts onto the support material, will be 

described in subsequent chapters (Chapters-4, 5, and-6). The zirconium-based MOFs 

synthesis experiment is depicted in this chapter for benchmarking purposes (as a parent 

MOFs). A screening ratio of the modulator in the mixed linker composition for MOFs 

parent synthesis will also be carried out, which will provide maximum pore and surface 

area of the supporting material. A more detailed description of the pristine zirconium-

based MOFs is given in section 3.2. 

 
Several techniques are used to evaluate the functional properties of the novel 

heterogeneous catalysts both chemically and physically, including PXRD, NMR, 

SEM/EDX, TGA, FTIR, N2 physisorption, and XPS. This chapter will thoroughly 

explore all these analytical experiments in general. The details of the conditions and the 

equipment used are given in section 3.3. 

 
Aldol product chiral compounds are analysed using Gas Chromatography (GC) and 

High-Performance Liquid Chromatography (HPLC). The general information and 

procedures are presented in section 3.4. 

 
To compare the performance of the novel heterogeneous catalyst (in SMDR) in terms 

of catalytic performance with the results obtained from the conventional reactor, many 



 
Chapter-3 General Method 

 

  
 

81 

aldol reactions were performed as a reaction model for the research. The first rig is the 

batch reactor used to characterise the micromixing performance for benchmarking 

purposes. In addition, for validation and optimisation of the aldol method, a preliminary 

study was conducted on the effect of water in the aldol system. The experimental details 

are given in section 3.5. The second rig was the 25 cm SMDR (developed-SDR utilising 

a catalyst mesh and glass spinning disc), as reported in section 3.6.  

 

 

3.2 Synthesis of sulfonated Zr-based MOFs  
 

This chapter synthesised sulfonated Zr-based MOFs only for parent MOFs, Zr-MOF 

(UiO-66), as a benchmark for other materials. Also, synthesis of Zr-MOF-Sx as a pilot 

MOFs for support material. 

 

 

3.2.1 Materials 
 

All chemicals and materials were purchased from standard chemical suppliers, and all 

reagents were used as received. Glassware was oven dried as required and cooled 

without specific gas pressure. Sulfonated and non-sulfonated terephthalic acid was 

obtained from Acros Organics, and zirconium chloride was obtained from Sigma-

Aldrich (³95%). N, N-dimethylformamide (DMF) was purchased from Sigma-Aldrich. 

99.5 % pure acetic acid and formic acid were obtained from Sigma-Aldrich. In addition, 

2-chlorobenzaldehyde and 4-nitrobenzaldehyde were obtained from Sigma-Aldrich ³ 

98%.  

 

 

3.2.2 Synthesis of [Zr6O4(OH)4(bdc)6], UiO-66 
 

The solvothermal method was chosen for synthesising this MOF following the previous 

method reported [1]. Zirconium chloride, ZrCl4 (53 mg, 0.22 mmol) and 1,4-benzene 

dicarboxylic acid (H2bdc, 34 mg, 0.227 mmol), were added to the solution mixture of 
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acetic acid (1 mL) and N,N-dimethylformamide (DMF, 9 mL). The mixture was then 

sonicated for 15 min until the reagents dissolved. The homogeneous solution was then 

poured into Teflon autoclave liners and placed in an oven at 120 °C under static 

conditions for 40 h. The white precipitate was isolated by centrifugation at 6000 rpm 

for 10 min after cooling to room temperature and washed in DMF overnight at 70 °C 

under stirring. The material was further washed with DMF three times to remove 

unreacted precursors and with ethanol two times to remove DMF. Then, the powder 

was dried at room temperature overnight. Finally, materials were activated under 

vacuum by heating at 180 °C for 16 h.  

 

 

3.2.3 Synthesis of sulfonated Zr-based MOFs, UiO-66-Sx; 
screening of mixed-linker ratio 

 
Sulfonated Zr-MOFs were synthesised according to the procedure of  Kitagawa and co-

workers [2]. This material was synthesised to provide the supporting material for 

proline immobilisation. X represents the concentration of s-bdc (monosodium 2-

sulfoterephthalic acid or H2bdc-SO3Na) added to the MOF crystallisation system. 

Zirconium chloride (53 mg, 0.22 mmol), 1,4-benzene dicarboxylic acid (H2bdc, 26.4 

mg, 0.1589 mmol), and monosodium 2-sulfoterephthalic acid (H2bdc-SO3Na, 18.3 mg, 

0.0681 mmol) were added to the mixture of acetic acid (1 mL) and DMF (9 mL). The 

mixture was then sonicated for 15 min until the reagents had dissolved. The solution 

was then heated at 120 °C for 40 h. A colourless precipitate was obtained and collected 

by centrifugation at 6000 rpm for 10 min. It was then washed with DMF and three times 

with diethyl ether, followed by air drying. Finally, it was dried under reduced pressure 

overnight at 180 °C. In the same way, the synthesis of other supporting materials at 

different concentrations of s-bdc is carried out. Table 3.1 below is a list of supporting 

materials made based on variations in the concentration of s-bdc. 
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Table 3.1 A series of support materials based on concentration variations s-bdc 
 

 
Entry 

 
Sulfonated MOFs 

H2bdc-SO3Na H2bdc 

X in % X in mg X in % X in mg 

 
1. 
2. 
3. 
4. 
5. 

 
UiO-66-S0 
UiO-66-S30 
UiO-66-S50 
UiO-66-S70 
UiO-66-S100 
 

 
0 

30 
50 
70 

100 

 
0 

18.26 
30.44 
42.61 
60.87 

 
100 
70 
50 
30 
0 

 
37.80 
26.40 
18.86 
11.31 

0 

 

 

Various MOFs with different concentrations of sulfate acid were then characterised 

using the N2 adsorption isotherm to determine the sample's surface area and total pore 

volume. Sulfonated-MOFs with the largest surface area and pores will be used as 

support material for the proline host. 

 

 

3.3 Catalyst characterisation 
 

The tailoring of the crystal morphology and porosity is the most characteristic of MOFs 

regarding the use of MOFs as supporting material for catalyst immobilisation. 

Therefore, verifying the morphology and pores of the material and other physical and 

chemical properties requires an adequate characterisation to validate the character of 

the material. In addition, the characterisation of MOFs and wool as supporting material 

provide a good understanding of how MOFs or wool behave in different environments. 

Characterisation methods that have been applied in this research include Powder X-ray 

Diffraction (PXRD), Nitrogen adsorption isotherm, Nuclear Magnetic Resonance 

(NMR), elemental analysis, Scanning Electron Microscope (SEM), Energy Dispersive 

X-ray Spectroscopy (EDS), X-ray Photoelectron Spectroscopy (XPS), Fourier-

transform Infra-Red Spectroscopy (FT-IR) and Thermogravimetric Analysis (TGA). 

All those methods will be described in this section. 
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3.3.1 Powder X-ray Diffraction (PXRD)  
 
Powder X-Ray Diffraction was used to determine the structure of materials synthesised 

from ZrCl4 and H2BDC (terephthalic acid) and monosodium sulfo terephthalic acid in 

a certain fraction as mentioned above (Table 1) in DMF/acetic acid in the ratio of 9:1. 

XRD measurements were carried out on a Bruker diffractometer with Cu Ka radiation 

(l=1.54056 Å, 40 kV-40 mA). 

 

 

3.3.1.1 General information for PXRD [3-6]  
 

PXRD is the first characterisation usually taken after MOF synthesis to check the 

crystallinity of the MOFs. PXRD is a handy tool for identifying crystalline phases and 

estimating phase fractions. Using the X-ray, a crystal material can be diffracted from 

different (hkl)-planes simultaneously, consistent with Bragg’s law in equation 3.1. 
 

𝛌 = 𝟐𝒅𝒉𝒌𝒍	. 𝐬𝐢𝐧 𝛉    (3.1) 

 

Where l is the wavelength, dhkl is the distance between the (hkl)-planes and q is the 

diffraction angle between the incoming beam and the (hkl)-planes. By comparing the 

diffraction pattern (position and relative intensity) of the examined compound with the 

diffraction pattern of the known compound, the crystalline phase of the sample can be 

identified.  

 
The different information can be deduced from the various features of a PXRD pattern, 

as can be seen in Figure 3.1 [7]. The position of the diffraction peak determines the 

unit cell accurately. For example, a type of atom and its position in the crystal can be 

obtained from the relative intensities of the diffraction peaks. Hence, the 

homogeneously grinding process is essential to avoid preferred orientation, which 

would otherwise lead to wrong relative intensities. Moreover, to elude incorrect unit 

cell parameter information, the surface of the powders on the sample holder must be as 

even as possible. The peak width gives information about the size of crystallites, and 
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small crystallites result in broader peaks. The presence of the amorphous phase can be 

detected from the appearance of high background. 

 

 

 

 
 

 
Figure 3.1 Diversity of features in PXRD configuration [7]  

 

 

 

3.3.1.2 General procedure for PXRD sample preparation   
 

Sample preparation was started with unscrewing a foil sample holder to insert	cellulose 

triacetate foil. The transparent foil was set up on the foil sample holder after the screw 

of the clamping metal aperture disc was loosened. Next, one side of the foil was greased 

with silicone grease lightly, and a small amount of the sample (already dried and 

ground) was put in the centre of the foil, and it was made flat. Then the second 

ungreased foil was sandwiched onto the sampled foil. Finally, the metal clamping 

aperture disc was gently placed on the top of the sampled foil, and the screw was rotated 

so that the edge slid under the screw heads. The screw was then tightened to ensure the 

metal aperture disc did not fall out of the holder (Figure 3.2). PXRD was measured 

using a Bruker-AXS-D8 Advance diffractometer with copper Ka radiation, with 

wavelength, l=1.5406 Å, at 298 K and with a beam slit set to 1 mm, detector slit formed 
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to 0.2 mm and anti-scattering slit set to 1 mm at Department of Chemistry University 

of Bath. 

 

 

 

 
 

 

 
 

(a) (b) 
 
Figure 3.2 PXRD sample holder, (a) foil sample holder with the sample, (b) ready 

for PXRD analysis  
 

 

3.3.2 Nitrogen physisorption measurement  
 

The efficiency of the catalyst is highly dependent on the surface area and total pore 

volume. Therefore, experimental characterisation of a MOFs porosity is crucial in 

determining its relevance to adsorption applications. Physical characteristics such as 

surface area and total pore volume are fundamental in tuning the total gas adsorption 

capacity of a material or the adsorption of liquid substrates into the pores of the catalyst. 

 

 

3.3.2.1 General information for N2 physisorption 
 

This experiment determines the BET (Brunauer-Emmet-Teller) surface area and the 

total pore volume of the sample while ensuring that the sample has permanent porosity. 

So N2 sorption is evidence of permanent porosity of the material. High surface area and 

total pore volume are crucial parameters for the catalyst to correlate the active site and 

the diffusion degree of catalyst-substrate. 
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Besides that, from N2 physisorption, the type of pore size can be determined, whether 

it is micropore or mesoporous. The determination is made by comparing the adsorption-

isotherm charts of the sample with various kinds of reference adsorption-desorption 

isotherms from the IUPAC (Figure 3.3) [8-10]. Class I represents a microporous solid, 

type II is a non-porous solid (multilayer at B), and III is a non-porous and non-wetting 

solid. IV is a mesoporous solid. V is a mesoporous and non-wetting solid, and VI is a 

non-porous material. 

 

 

 

 
 

 
Figure 3.3  Classification of N2 physisorption 

 

 

The BET equation (equation 3.2) can calculate the sample's surface area. 
 

𝑷/𝑷𝒐
𝑽𝒂(𝟏A𝑷/𝑷𝒐)

= 𝑪A𝟏
𝑽𝒎𝑪

	E 𝑷
𝑷𝒐
F +	 𝟏

𝑽𝒎𝑪
     (3.2) 

 

Where P is the equilibrium pressure of the adsorbate and Po is the saturation pressure 

of the adsorbate. Va is the amount of gas adsorbed (cm3g-1), and Vm is the amount of 

gas required to form a monolayer on the adsorbent. C is the BET constant. This equation 
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can be plotted the relationship between the relative pressure (P/Po) and the amount of 

gas adsorbed (Va) so that the type of N2 physisorption can be defined.  

 

 

3.3.2.2 General procedure for BET surface area measurement 
 

Nitrogen adsorption-desorption isotherms were carried out at 77 K and 273 K on a 

BELSORP Mini II (BEL Japan) instrument (Figure 3.4). The relative pressure was 

used in 0.1<p/po<0.9. Next, zirconium-based MOFs were activated using N2 gas at 150 

°C for 1000 min. Afterwards, it was continued with sample measurement by following 

the protocol instrument’s software.  

 

 

 
 

Figure 3.4 BELSORP Mini II (BEL Japan) instrument 

 



 
Chapter-3 General Method 

 

  
 

89 

3.3.3 Proton Nuclear Magnetic Resonance (1H NMR) 
 

Nuclear magnetic resonance (NMR) spectroscopy was used to examine the chemical 

transformations in the MOFs synthesis process. For example, 1H NMR spectroscopy is 

commonly used to measure the conversion ratio of functional groups of organic linkers 

or functionalised amine groups on MOFs, representing the percentage of groups bound 

to MOFs. The MOF was usually digested in an acid or alkaline solution and an NMR 

solvent before the NMR measurement. Therefore, primary care must be taken to ensure 

that no additional reactions occur to the products of the MOFs synthesis in the NMR 

solution. 

 

 

3.3.3.1 General information for 1H NMR 

 

Characterisation of the organic linker and a molar ratio of the molecule were routinely 

used proton nuclear magnetic resonance (1H NMR) spectroscopy for both quantitative 

and qualitative investigation. The molar ratio was obtained by integrating the spectrum 

of the desired molecule. The qualitative analysis was attained from the chemical shift 

(shown by its proton's position in the chemical shift ruler) [11, 12].  

 

 

3.3.3.2 General procedure for 1H NMR and 13C NMR 
 
1H NMR spectra measurements were carried out using a Bruker Avance 300 MHz Ultra 

shield NMR spectrometer. The chemical shift was reported in parts per million (ppm) 

relative to chloroform-d1 (CDCl3, 7.26 ppm) and dimethylsulfoxide-d6 (C2D6SO, 2.5 

ppm). Splitting patterns for the spin multiplicity in the spectra are given as follows: s = 

singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublet, 

ddd = doublet of a doublet of a doublet, dt = doublet of a triplet, m = multiplet. 

Integration of the peak is determined as the relative number of atoms. This method 

involves the digestion of the MOF components such as an organic linker, modulator 

and solvent in ammonium fluoride. It continues in a deuterated liquid medium (DMSO-

d6) before the sample measurement on the NMR instrument. 13C NMR spectra were 
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recorded on BRUKER Avance 300 (75 MHz). The chemical shifts were reported in 

part per million (ppm) relative to chloroform-d1 (CDCl3, 77ppm) and 

dimethylsulfoxide-d6 (C2D6SO, 39.52 ppm). 

 

 

3.3.4 Elemental analysis 
 

This experiment aims to investigate the elemental composition and its purity, besides 

determining the empirical formula. Elemental microanalysis was measured on a Perkin 

Elmer Model 3100 on aqueous solutions of digested MOFs with a sample weight 

minimal was 5 mg. The analysis was exhibited in the elements of CHNO.  

 
Another qualitative and quantitative analysis was executed by SEM-EDX and XPS-

elemental analysis that released in percentages of atomic mass. 

 

 

3.3.5 Scanning Electron Microscopy (SEM) and Energy 
Dispersive X-ray Spectroscopy (EDX) 

 

Crystal morphology informs what crystal system the structure belongs to. Through the 

SEM light microscope, several morphological characteristics can be seen:  the sample 

homogeneity (one type of particle), the shape of the particle and the particle changes, 

the light polarity (for crystalline material). The light microscope, which has a resolution 

of ca. 1 m, does not have sufficient depth of focus to see details of the crystal surface. 

A scanning electron microscope (SEM) can be used to observe particles measuring 

from 10 to 100 nm (resolution is about 1 nm). By studying the sample in SEM, 

compared to a light microscope, more precise information about the size and shape of 

the particles is obtained. 
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3.3.5.1 General information for SEM [13, 14] 

 

Scanning electron microscopy is a method of electron microscopy that scans the surface 

of a sample with a beam of an electron allowing for analysis of the catalyst surface 

morphology on an nm scale. For example, SEM can be used to observe particles of 10 

to 100 nm in size (the resolution is about 1 nm).  

 

 

3.3.5.2 General procedure for SEM 
 

The sample was prepared by supporting carbon tape and vacuumed overnight before 

coating with gold conductor for a few minutes until the gold layer covered the sample 

surfaces. Furthermore, the gold-covered sample was analysed by JEOL 6480LV at 5-

25 kV acceleration voltage. The SEM result is a photograph in any magnification 

(Figure 3.5). However, magnifying the focus of the image does not necessarily make 

the image look more transparent. Sometimes it may even blur the image (Figure 3.5. 

(b)). 

 

 

 

 
 

 

 
 

(a) (b) 
 

Figure 3.5 Examples of SEM results in photograph (a) x1000 , (b)x15000 
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3.3.5.3 General information for EDX 
 

Energy-dispersive X-ray spectroscopy, abbreviated to EDX or EDS, is used to 

determine the presence of a new catalyst content. It is a technique used to analyse the 

X-rays given off by a sample when exited by a high-energy beam of electrons. Each 

element has characteristic X-rays when simulated by a beam of electrons.  

 

 

3.3.5.4 General procedure for EDX 
 

Elemental analysis was completed on JEOL 6480LV equipped with an Energy 

Dispersive X-ray Spectrometer (EDX) from Bruker. The preparation sample was 

similar to one for SEM analysis. This EDX instrument can detect all elements in the 

new catalyst except hydrogen (H) since hydrogen does not have any characteristic X-

rays. The examples of EDX results from two different materials can be seen in Figure 

3.6. The first compounds (a) consist of C, O, Al, S and Ca and (b) C, O, Br and S e 

 

 

 

 
 

 

 
 

(a) (b) 
 

Figure 3.6 Examples of EDX spectra 
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3.3.6 Fourier Transform Infra-Red Spectroscopy (FTIR) 
 

Fourier-Transform Infra-Red (FT-IR) Spectroscopy is a rapid non-destructive method 

for identifying functional groups and coordination modes in samples. The vibration 

energy of the bonds between atoms recorded by the instrument will determine the 

vibration mode and the type of bond. Every kind of vibration appears as a single band 

in the spectrum (transmission or absorbance versus wavenumber). In the case of MOFs, 

FT-IR can assemble the coordination mode between the metal and the linker and the 

functional groups positioned on the linker. The presence of water and solvents can also 

be observed. 

 
The mode of coordination between the metal and the carboxylate can be determined. 

The asymmetric and symmetrical strain frequencies in the carboxylate groups, a(COO) 

and s(COO), respectively, can reveal the types of coordination modes present [15]. In 

other words, the binding of L-proline to MOFs can be estimated through strain analysis 

of the carboxylate groups that appear in the FTIR spectra. 

 

 

3.3.6.1 General information for FTIR 

 

FTIR is a measurement method for identifying functional groups based on the 

interaction between infrared light and the sample that causes atomic vibration. Since 

the atomic vibration is within the range of the infra-red region of the electromagnetic 

spectrum, the signal will be released as spectra representing the presence of the 

molecule bond of the functional group. Every functional group has certain bands (in 

wavelength number), providing a characteristic IR-spectra (Figure 3.7) [16].  

 
For the observation of new catalysts whose main components are MOFs and 

organocatalysts, what can be observed from the FTIR data is the coordination between 

metal ions and organic linkers. Besides that, the position of the organocatalyst bound 

on MOFs and supporting material wool can also be observed. Furthermore, water and 

solvents that may remain and do not leave the pores will appear when scanned with 

FTIR. In addition, chemical bonding between wool fibre and organocatalyst can be 
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detected. Also, the woollen fibre functional groups before and after treatment will 

appear using FTIR.  

 

 
 

 
 

 
Figure 3.7  The functional group region in FTIR (500-4000 cm-1) [16]  

 

 

3.3.6.2 General procedure for FTIR 
 

All FTIR spectra of the samples were composed of a Varian 100-IR spectrometer, 

equipped with diamond ATR as a detector. First, the detector window and the slight bar 

pressure were cleaned with ethanol to ensure no dirt on both surfaces. Then, software-

connected computers and FTIR machines were turned on. Prior analysis sample, the 

background of the detector window was scanned. The sample was put on the detector 

hole and put the pressure until the pressure indicator from the software showed 100%, 

then started for counting.  

3.3.7 X-ray Photoelectron Spectroscopy (XPS) [17]  
 

Before measurement, ensure every supporting tool, such as tweezers, glass etc., must 

be thoroughly cleaned to avoid any contaminant detection. Typical samples for analysis 
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are 5 mm square with 4 mm thick. First, for the powder sample, it was pressed into 

indium foil. Next, a suitable solvent was dropped onto the pressed powder and then cast 

onto the silicon wafer. Finally, the sample was pressed into a tablet for analysis. It was 

cut 4 mm square for fibre samples, and the following steps were similar to the procedure 

for preparing powder samples.  

 
XPS experiment was prepared in EPSRC National Facility for X-ray Photoelectron 

Spectroscopy, Harwell, Oxford, with the specification of the instrument as follows 

(Table 3.2):  

 

Table 3.2 XPS instrument operational specification 
 

Parameter/object Option 

 
Instrument make/model 

 
Thermo NEXSA 

X-ray source Monochromated Al kα 
X-ray source energy 1486.69 eV 
X-ray source strength 19.2 W 
X-ray source spot size 200x100 µm 
Analysis spot size 200x100 µm 
Charge control Dual-beam low-energy electron/ion 

source (Thermo Scientific FG-03). Ion 
gun current = 150 µA. Ion gun voltage 
= 45 V. 

Analysis of pressure < 10-8 mBar 
Analyser type Spherical sector 
Detector Multichannel resistive plate 
Number of detector elements 128 
Temperature during analysis 300 K 
Survey spectra pass energy 150 
Region spectra pass energy 
 

40 

 

 

3.3.8 Catalyst stability 
 

Chemical and thermal stability are very considered in the characterisation of the 

material. This relates to the working environment that the catalyst material may 

encounter. For example, the working environment can be acidic or alkaline, and 



 
Chapter-3 General Method 

 

  
 

96 

extreme temperature changes. Therefore, the material must have high heat and chemical 

stability. 

 

 

3.3.8.1 Thermogravimetric Analysis (TGA) [18-20] 
 

The measurement is operated on a Perkin Elmer TGA 4000 equipped with Setaram TG-

92 and the Set-soft-2000 software driver. Measurement was performed by sample 

preparation initially. First, the sample was made in homogenous particle size before 

being weighted around 20 mg (adjusted to the capacity of the small platinum cup in the 

tool). Next, the machine was started up through the software by turning on cooling 

water and adjusting the gas cylinder regulator, argon shield gas regulator, and nitrogen 

gas regulator. The new acquisition was then set up to weigh a small platinum cup of a 

sample. After weighing the empty platinum cup, it was followed by loading of the 

sample and afterwards followed by sample heating and running the sample from 25 to 

700 °C at the heating speed of 5 °C/min under nitrogen gas flow (10 mL/min). 

 

 

3.3.8.2 Leaching test 
 

The mixture reaction solution was separated into two parts after 120 min by 

centrifugation. One part (supernatant) was left undisturbed for 10 h, and the other part 

(solid) was removed from the solution. The conversion observation of supernatant was 

carried out by sampling it every 30 min for the first 2 h and then continuous every 1 h 

for the last 8 h. The crude sample (0.1 mL) was treated with ethyl acetate (2 mL) and 

deionised water (2 mL) to split the organic and water layer. The organic layer was then 

dried using MgSO4 before final centrifugation in a mini centrifuge for 15 min at 14000 

rpm. Finally, the sample was ready for HPLC analysis. The solid part (MOFS30-Pr) was 

washed with ethanol and vacuum dried overnight at 120 °C and prepared for PXRD. 
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3.3.8.3 Chemical stability 
 

The stability of MOFS30-Pr catalyst samples toward water, acid and base was studied 

by treating the as-synthesised materials (0.2 g) in solutions (20 mL) of water, 1.0 M 

HCl, and 1.0 M NaOH, respectively, for 2 h at room temperature. After the treatment, 

the solids were filtered and dried before the PXRD analyses were performed. 

 

 

 

3.4 Aldol reaction product analysis 
 

3.4.1 Gas Chromatography (GC) 
 

3.4.1.1 General information for GC [21, 22] 

 

Gas Chromatography is an analytical method that can separate a mixture of chemicals 

into their component, which can then be identified qualitatively and quantitatively [23-

25]. The separation process between components is based on the difference in their 

partitioning behaviour between stationary and mobile phases. The column containing a 

stationary phase will hold isothermally to the component passing the column. The 

interaction strength between the components and the stationary column phase 

determines the time required for a compound to elute through the column. Gas 

chromatography (GC) consists of a carrier gas (the mobile phase) which is usually an 

inert gas such as helium, argon or nitrogen equipped with a pressure regulator (to 

control the gas flow rate), an injection port with a syringe needle to inject the sample. 

A heating system, a column with a stationary phase, a detector and a recorder. The 

injection of the sample is performed either by an automated device or manually. To 

detect the separated compounds, GC has various detectors such as flame photometric 

(FPD), electrolytic conductivity (Hall/ELCD), mass spectral (CI/EI), flame ionisation 

(FID), nitrogen phosphorus (NPD), electron capture (ECD), photo ionisation (PID) and 

thermal conductivity (TCD) detectors. 
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3.4.1.2 General procedure for GC 
 

Gas chromatography has been applied in this research as equipment for separating 

products of asymmetric catalysis. First, solid or liquid samples were prepared by 

extracting them in a volatile solvent. Then, the organic part was centrifuged to 

concentrate it. Finally, the sample was put in the GC vial and placed in the sample 

holder. The carrier gas was turned on a few minutes beforehand. GC analysis was 

performed using Varian CP-3800 with detector FID (Flame Ionization Detector) and 

Varian capillary column CP-Sil 8 CB (30 m, 0.32 mm, 0.25 µm #CP8752). 

 

 

3.4.2 High-Performance Liquid Chromatography (HPLC) 
 

3.4.2.1 General information for HPLC [26-28] 

 

HPLC has two phases: the normal phase and the reverse phase. The normal phase is if 

the column as the stationary phase is polar while the mobile phase is non-polar. The 

reverse-phase is if the stationary phase is non-polar and the mobile phase is polar. 

In general, HPLC consists of several modules: solvent organiser, high-pressure pump, 

autosampler, column oven and UV-VIS detector. They can work synergistically with 

specific parameters applied to the system to run the analysis, giving the output 

detectable appearance spectra.  

 

 

 3.4.2.2 General procedure for HPLC 
 

In this research, the HPLC apparatus (Agilent 1260 infinity series, Agilent Corporation, 

USA) comprised of an autosampler (G1315D) connected to the UV-VIS detector (using 

l= 254 nm). A flow rate of 1 mL/min was applied, with mobile phase 

hexane/isopropanol (hexane/IPA, in a ratio of 80/20). The separation of the compound 

was obtained using a CHIRAL ART Cellulose-SB Classical Analytical HPLC column 

(4.6 mm i.d.) S-5 µm 250x4.6 mm.  
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3.4.3 Column Chromatography 

 

Column chromatography was performed with silica gel 60 (Merck, 0.040-0.063 mm 

particle size) (Figure 3.8.a).  

 

3.4.4 Thin Layer Chromatography (TLC) 
 

Thin Layer Chromatography (TLC) was performed with TLC precoated aluminium 

sheets (Merck silica gel 60 F 254). The visualisation was accomplished by UV light (l 

= 254 nm or 366 nm), staining with potassium permanganate (1.5 g of KMnO4, 10 g 

K2CO3, 1.25 mL 10% NaOH in 200 mL water) (Figure 3.8.b). 

 

 

 

 

 

 
(a) (b) 

 
Figure 3.8 Aldol product purification: (a) flash chromatography and (b) thin layer 

chromatography (TLC) 
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3.5 General procedure for the aldol reaction in a 
conventional reactor 

 

Section 3.5 describes calibration procedures for compounds involved in aldol reactions. 

The calibration graphs and equations are used to calculate the concentrations of 

reactants and products. In addition, a screening procedure for the effect of water in the 

reaction is also presented as a preliminary approach to determine the effect of the 

presence of water in suppressing unwanted by-products. Furthermore, the general aldol 

reaction procedure catalysed by L-proline in a batch reactor before and after scaling up 

is described. Separately, procedures for the synthesis of condensation products and 

aldol elimination are also presented. 

 

 

3.5.1 Procedure for formation of calibration curves  
 

The standard solutions were prepared by dissolving the appropriate amount of the 

relevant compound (4-nitrobenzaldehyde, racemic aldol product of 4-Hydroxy-4-(4-

nitrophenyl)-butane-2-one and aldol elimination product of a, b-unsaturated aldehyde). 

Then, 0.05 mL of each standard solution was dissolved in 0.95 mL of hexane and IPA 

(9:1) solution to form a diluted solution with the lowest concentration being 0.001 M 

and the highest 0.005 M. In each solution, 10 mol% of naphthalene was added as an 

internal standard. The absorption represented by the curve area was measured three 

times using chiral HPLC. (Figure 3.9 (a),(b),(c), SI-3.7.1) 

 

 

3.5.2 Procedure for screening of water concentration  
 

0.01 M L-proline, 0.005 M naphthalene, 0.275 M acetone and 9.8 mL of DMSO were 

added to a carrousel tube at 25 °C unless otherwise stated (Figure 3.10). An appropriate 

amount of water was added to the solution. The solution was equilibrated with a 

magnetic stirrer for 15 min, and then 0.05 M 4-NBA was added. For GC analysis, the 

samples were prepared as follows: 0.1 mL of the reaction mixture was added to a 5 mL 
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vial containing 2 mL of saturated ammonium sulphate solution and 2 ml of hexane. The 

samples were shaken vigorously, and the top layer was transferred to a GC vial.  

 

 

 

 
 

Figure 3.10 Aldol reaction in a carrousel tube 
 

 

The column temperature program in the GC for each measurement was constant for 2 

min at 80 °C, after which it was increased to 10 °C/min until 140 °C. Further, it was 

raised from 25 °C /min until 250 °C. The kinetic performance of Aldol reaction for 

4NBA-acetone under DMSO solvent is shown in Figure 3.11 at a Supporting 

Information-3.7.2. 

 
This experiment aimed to examine the effect of water on the catalyst performance 

during the aldol reaction. This was done to test the proposal of Pihko and co-workers, 

who suggested that water could eliminate catalyst deactivation [29]. 

 
The same aldol reaction protocol was performed. The initial conditions were as the 

procedure used in Table 3.2 for the aldol reaction of Scheme 3.1, but an additional 0.02 

mmol of water was injected. The graphic of the reaction rate showed in Figure 3.12(b), 

is constructed from these two experiments with the same excess of acetone. The two 

reactions with the same excess and water additives show overlay. This phenomenon 

implies that the rates in substrate concentrations were the same for both experiments 
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with the same excess, indicating that at least 0.02 mmol water in the aldol reaction 

suppressed the deactivation of the catalyst in both responses. The graph shows that 

Pihko's proposal is acceptable for adding a certain amount of water [30]. Conversely, 

as seen in Figure 3.12(a), the reactions without any water added show that both lines 

do not overlap, indicating that deactivation occurred. 

 

 

 

 

 

 
(a) (b) 

 
Figure 3.12 (a)Effect of water absence on the aldol reaction kinetic, (b)Effect of 

water present on the aldol reaction kinetic 

 
 

Table 3.3 Effect of water concentration on conversion and enantiomeric excess (ee)  

 
Enter 

 
[H2O] 
(M) 

 

 
Conversion  

(%) 

 
ee  

(%) 

1. 0.005 52.2 50.7 

2. 0.010 55.0 52.3 

3. 0.015 57.8 51.4 

4. 0.020 62.4 47.3 

5. 0.025 67.5 47.4 

6. 0.030 54.8 49.1 

7. 0.035 46.4 48.8 

8. 0.040 45.0 49.2 
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Too much water will restrain the activity of the catalyst, albeit H2O is an 

environmentally friendly solvent [31]. For that reason, the optimum water presence 

must be determined. Then, using the same protocol Aldol reaction, various H2O 

concentrations are added, as shown in Table 3.3. 

 

 

3.5.3 Procedure for L-proline kinetic analysis  
 

To a carrousel tube, 30 mmol% of L-proline mL and 5 mL of DMSO and acetone 

solution (4:1) were added. The mixture was stirred at 300 rpm for 15 min, then 0.5 

mmol 4-nitrobenzaldehyde, 0.025 M of H2O and 0.01 M of naphthalene were added 

and stirring continued at 25 °C for the indicated time until the reaction was complete. 

Upon reaching completion, an aliquot (0.1 ml) was withdrawn, quenched with saturated 

aqueous ammonium chloride solution (1 ml) and extracted with ethyl acetate (1 mL). 

0.05 mL of organic phase were dissolved in 0.95 mL of hexane and IPA (9:1) solution 

and dried over Na2SO4 followed by centrifugated (mini) at 14000 rpm for 15 min. The 

sample was then analysed by chiral HPLC and 1HNMR analysis. Also, the conversion 

can be determined using by integrating the 1H NMR of the crude reaction mixture using 

the aldehyde peak as a reference. Syn/anti ratio was determined by combining the 1H 

NMR of the crude reaction mixture and by comparing the two CH-OH peaks. The 

enantiomeric excess of the crude product was analysed via HPLC using a CHIRAL 

ART Cellulose-SB Classical Analytical HPLC column (4.6 mm i.d.) S-5 µm 250x4.6 

mm. 

 

 

3.5.4 Procedure for scale-up the aldol reaction  
 

The volume of the solution in a general experiment of aldol reaction in a batch reactor 

which comprises aldehyde, ketone, water and solvent, was 200 mL for each experiment 

run. The investigation was carried out in a 250 mL lidded glass bottle. A 3 cm magnetic 

stirrer was applied to the system to improve micromixing between the substrate and the 

catalyst. The glass bottle container was placed on the heating plate with a temperature 

setting of 25 °C and a stirrer rotation rate of 300 rpm. The catalytic system was 
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dissolved in a specific amount of solvent and acetone in a volume ratio of 4:1, and the 

mixture was stirred up vigorously for 15 min. Subsequently, 20 mmol (0.1 M) of 

aldehyde, 0.025 M of H2O and 0.01 M of naphthalene were added, and the mixture was 

stirred at 25 °C for the indicated time. Upon reaching completion, an aliquot (1 ml) was 

withdrawn, quenched with saturated aqueous ammonium chloride solution (1 ml), and 

extracted with ethyl acetate (1 mL). 0.05 mL of organic phase were dissolved in 0.95 

mL of hexane and IPA (9:1) solution and dried over Na2SO4 followed by centrifugated 

(mini) at 14000 rpm for 15 min. The sample was then analysed by chiral HPLC and 1H 

NMR analysis. The enantiomeric excess (ee, percentages) and reaction conversion were 

determined using HPLC in three measurements.  

 
Conversion of a 4-nitrobenzaldehyde can be calculated using equation 3.1 as follow: 

 

                           moles (or mass) reactant consumed 
% conversion = ———————————————      X 100 
                           moles (or mass) initial reactant 
 
 

 
…………..(3.1) 

The enantiomeric excess (% ee) of the aldol product can be calculated using equation 

3.2 as follow : 

 

            (area of major product) – (area of minor product) 
% ee = —------------————————————-------- X 100 
            (area of major product) + (area of minor product) 
 

 
…………..(3.2) 

 

 

3.5.5 Procedure for the in situ formation of 4-Hydroxy-4-
(4-nitrophenyl)-butane-2-one 

 

Figure 3.13 is the aldol product of 4NBA with acetone catalysed by L-proline under 

DMSO solvent at 25 °C. 
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Figure 3.13 Chemical structure of 4-Hydroxy-4-(4-nitrophenyl)-butan-2-one 

 

 

 

To a 250 mL glass bottle, 200 mL solution mixture of 30 mmol% of L-proline, DMSO 

and acetone solution (4:1) was added. The mixture was stirred at 300 rpm for 15 min, 

then 20 mmol (0.1 M) of 4-nitrobenzaldehyde, 0.025 M of H2O and 0.01 M of 

naphthalene were added and stirred continued at 25 °C for the indicated time until the 

reaction was complete. The reaction was quenched with sat. aq. solution of NH4Cl (40 

mL) and extracted into EtOAc (3X100 mL). The combined organic extracts were dried 

and concentrated in vacuo. The crude product was purified by flash column 

chromatography (hexane: EtOAc, 4:1) afforded the aldol product (Figure 3.13), SI-

3.7.3. Yield can be defined as a ratio of the real moles of a product experimentally to 

the moles of the product theoretically. The yield percentages can be calculated using 

the equation 3.3 as follow: 

 

 
                   moles (or mass) of aldol product (experimental) 
% Yield  =   ——————————————————    X 100 
                    moles (or mass) of aldol product (theoretical) 

 
………….(3.3) 

 

 
 

3.5.6 Procedure for the in situ formation of 4-(4-
Nitrophenyl)-3-buten-2-one  

 

The elimination product of 4NBA with acetone catalysed by L-proline under DMSO 

solvent at 25 °C can be seen in Figure 3.14. 
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Figure 3.14 Chemical structure of 4-(4-Nitrophenyl)-3-buten-2-one 

 

 

To a 250 mL glass bottle, a solution of 4-nitrobenzaldehyde (1 g, 6.62 mmol) in acetone 

(5.94 mL) and 0.1 M of NaOH (66 mL) was added. The reaction mixture was allowed 

to stir at room temperature for 10 h and then diluted in EtOAc (40 mL). The aqueous 

layer was extracted into EtOAc (3X30 mL). The organic layers were combined,  dried 

and concentrated in vacuo. The product was purified by flash column chromatography 

(hexane: EtOAc, 21) afforded the desired product (Figure 3.14)[32] as yellow solid 

(SI-3.7.4). 

 

 

3.6 General procedure for the aldol reaction in an 
SMDR using L-proline catalyst 

 

This sub-chapter consists of section 3.6.1 (General Information of SMDR), which 

explains in detail the mechanical components that make up the Spinning Disc Mesh 

Reactor (SMDR) and section 3.6.2 (General procedure for L-proline catalysed aldol 

reaction in SMDR), in which this L-proline-catalyzed aldol reaction procedure is used 

as a benchmark for comparison with the performance of immobilised heterogeneous 

catalysts.  

 

3.6.1 General information for SMDR 
 

The intensified spinning mesh disc reactor overview is in Figure 3.15. The main 

component of the SMDR is the glass spinning mesh disc connected to the rotor 
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(Heidolph RZR 2021) by the metal rod. The inlet reactant, which is flown to the disc 

centre, is protected by a chamber made of stainless steel shaped like a giant funnel. The 

position of the feed inlet pipe is adjusted so that the liquid falls onto the disc to allow 

maximum wetting of the cloth by avoiding too much splashing. The solution mixture 

(carried by the feed inlet tube) diffuses into the catalyst on the spinning mesh disc. The 

mixing effectiveness is greatly influenced by spinning disc speed and feed flow rate. In 

addition, they also create a centrifugal force and shear stress. The centrifugal force 

pushes the solution mixture flow to the edge of the spinning mesh disc perimeter. 

Furthermore, the shear stress is caused by the frictional force between the liquid and 

the spinning mesh disc.  

 

 

 

 
 

 
Figure 3.15 Spinning Mesh Disc Reactor (SMDR) experimental setup 
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The lower part of the reactor chamber comprises of reactant reservoir, a sampling tube 

and a peristaltic pump (Figure 3.15). Peristaltic pump (Watson-Marlow 503U) pumps 

the solution mixture from the reactant reservoir toward the fibre catalyst spinning disc. 

The entire reactor components are enclosed by rectangular plexiglass due to safety 

requirements. 

 

 

3.6.2 General procedure for the aldol reaction in an SMDR  
 

The aldol reaction was started from the reactant reservoir. Acetone (40 mL), DMSO 

(160 mL) and L-proline (12 mmol) were added to the 250 mL glass container equipped 

with a magnetic stirrer. All electrical contacts (spinning disc controller/450 rpm, 

peristaltic pump/4mLm-1 and stirrer regulator/300 rpm) were turned on at 25 °C, 300 

rpm for 15 minutes. Afterwards, 4-nitrobenzaldehyde (20 mmol), H2O (0.025 M) and 

naphthalene (0.01 M) were added to the reservoir. This is the point to start counting the 

reaction time. 0.3 mL of sample was taken at 0 minutes and continued every 3 minutes 

for the first 21 minutes. After that, sampling was continued every 5 minutes until the 

last 60 minutes. The crude product was then analysed using HPLC after being extracted 

with ethyl acetate/water and centrifuged for 15 min at 14000 rpm to concentrate 

undesired compounds that went down to the bottom of the vial. Figure 3.16 is a series 

of Aldol products sampled at different times and ready for HPLC analysis. Parameters 

used for this experiment were as follows: UV-wavelength was 254 nm, the analyte flow 

rate was 1 mL/min, mobile phase used was hexane/Isopropanol in a ratio of 80:20. 

 
The rest of the product was further purified by flash chromatography using hexane/ethyl 

acetate in a ratio of 4:1, and the purity was monitored by TLC.  

 

 

 

 

 

 

 

 



 
Chapter-3 General Method 

 

  
 

109 

 

 
 
 

Figure 3.16 Examples of the aldol products ready for HPLC analysis 
 

 

 

3.7 Supporting Information (SI) 
 

3.7.1 Calibration curve 
 

3.7.1.1 Starting material 
 

 
 

Figure 3.9.(a) Calibration curve of the starting material, 4-nitrobenzaldehyde 
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3.7.1.2 Aldol condensation product 

 

 
 

Figure 3.9.(b) Calibration curve of the aldol condensation product, 4-Hydroxy-4-(4-
nitrophenyl)-butan-2-one 

 

 

3.7.1.3 Aldol elimination product 
 

 
 

Figure 3.9.(c) Calibration curve of the aldol elimination product, 4-(4-Nitrophenyl)-
3-buten-2-one 
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3.7.2 Kinetic performance of the aldol reaction 

 

 

 
 

Figure 3.11 Kinetic performance of the aldol reaction for 4NBA-acetone under 
DMSO solvent using L-proline 

 

 

3.7.3 Data analysis of 4-Hydroxy-4-(4-nitrophenyl)-butan-
2-one 

 

4-Hydroxy-4-(4-nitrophenyl)-butan-2-one. The product purity was monitored by 

TLC. (yield : 2.39 g, 79 %). 83 % ee, 1H NMR (CDCl3, 300 MHz) 2.23 (s 3H, H1), 

2.80-2.91 (m, 2H, H3), 3.55 (d, J = 3.2 MHz, 1H, -OH), 5.26 (qui, J = 3.9 MHz, 1H, 

H4), 7.53-7.55 (m, 2H, CHAr), 8.21-8.23 (m, 2H, CHAr), (addition of D2O caused the 

signal 3.55 to disappear); 13C_NMR (CDCl3, 101 MHz) 30.9 (C1), 51.8 (C3), 69.3 (C4), 

123.9 C/cm-1 (CAr), 208.8(C2), 126.6 (CAr), 150.1 (C8); IR .max (neat) 3452 (b, -OH), 

1712 (s, [1]+, C=O), 1519 (s), 1339 (s, -NO2); Anal. Calc d for C10H11O3N: C, 57.52; 

H, 5.25; N, 6.44. Found: C, 56.57; H, 4.36; N, 5.61. 
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3.7.4 Data analysis of 4-(4-Nitrophenyl)-3-buten-2-one 
 

4-(4-Nitrophenyl)-3-buten-2-one. (925 mg, 73 %). 1Η NMR (CDCl3, 300 MHz) 2.52 

(s, 3H, H1), 6.82 (d, J = 16 Hz, 1H, H3), 7.44 (d, J = 16 Hz, 1H, H4), 7.68 (d, J = 9.1 

MHz,1H, H6), 8.36 (d, J = 8.4 Hz, 1H, H7); 13C NMR (CDCl3, 176 MHz)  28.3 

(C1),124.3 (C7), 128.8 (C6), 130.3 (C3), 140.2 (C4), 140.6 (C5), 148.6 (C8), 197.6 (C2); 

IR νmax (neat)/cm-1 1691 (C=O, α,β-unsaturated), 1509 (NO2), 1339 (NO2); Anal. Calc 

d for C10H10NO3 192.0651. Found 192.0645. 
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Chapter~4 

Immobilisation of L-proline onto Zirconium-

based MOFs for Heterogeneous Catalysis of 

the Aldol Reaction 
 

 

 

4.1 Introduction 
 

Due to the high demand for monostereoisomeric chiral compounds, there is an 

increasing requirement for homogeneous chiral catalysts in the chemical and 

pharmaceutical industries. Using homogeneous chiral catalysts to synthesise 

monostereoisomer compounds is advantageous due to their high catalytic activity and 

selectivity. However, there are challenges to recovering and reusing the catalyst from 

the reaction system. In contrast to homogeneous catalysts, heterogeneous catalysts are 

easy to recover and reuse but it is challenging to identify the active sites responsible for 

the catalytic activity. Therefore, researchers are trying to bridge the gap between these 

two types of catalysts by preparing supported catalysts which combine the activity and 

selectivity of homogeneous catalysts which the ease of separation possible for 

heterogeneous catalysts. In addition, efforts have been made to develop new 

homogeneous catalyst supports that can withstand the reduction of active sites that 

occurs during the immobilisation process. Recently attention has been drawn to using 

a class of porous materials called metal-organic frameworks (MOFs) as supports as 

these have high surface area and pores. 

 
In the last two decades, highly porous metal-organic frameworks (MOFs) [1, 2] the 

crystalline and the stable cluster of system building unit (SBU have been in the spotlight 

of researchers for use as catalyst support materials. Organic molecules have emerged 

as promising materials for applications in heterogeneous catalysis, and can be 

incorporated into MOFs as linkers. MOFs have tremendous potential both as catalyst 
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supports and as catalysts themselves. They can display many good properties of an ideal 

heterogeneous catalyst, the most prominent of which are high porosity and surface area, 

crystallinity, and uniformity of active sites. To support the formation of MOFs with 

superior characteristics, a sturdy support design against heat and the chemical 

environment was designed by applying zirconium as a metal centre [3-5]. 

 
Moreover, a mixture of linkers was selected for the MOF. This allows tuning of the 

physicochemical properties in the resulting MOF structures. The mixed-linker MOFs 

(MIXMOFs) are versatile, introducing multifunctional features within one MOF. 

Catalysis with MIXMOFs has not been studied extensively, and only a few reports are 

available [6]. Here we discuss some crucial MIXMOFs used in heterogeneous catalysis 

of organic reactions. 

 
This chapter presents the results of L-proline immobilisation onto zirconium-based 

MOFs, the formation of the catalyst Zr-MOF-S30Pr or [Zr6(OH)4(s-bdc)0.3(bdc)5.7Pr] 

(bdc = 1,4-Benzenedicarboxylate; s-bdc = sulfo-1,4-Benzendicarboxylate) and an 

evaluation of its performance in the aldol reaction converting aldehydes into b-hydroxy 

carbonyl compounds. Also, the characteristic of the catalyst material was displayed 

with various chemical analyses that show the incorporation of L-proline into the MOF 

framework. Finally, to study the possibility of the catalyst being applied industrially, 

the catalyst recyclability was tested. 

 

 

4.2 Materials and experimental procedures 

The general procedures for UiO-66 synthesis, the aldol reaction using L-proline, 

catalyst loading for the aldol reaction and analytical characterisation of the materials 

are presented in Chapter-3. The specific methods for catalysis development relevant to 

this chapter are described in this section. 

 

4.2.1 Materials 

 

Zirconium chloride (ZrCl4), terephthalic acid (H2bdc), 2-sulfoterephthalic acid sodium 

salt (H2bdcSO3Na), DMF, acetic acid, methanol were sourced from Sigma-Aldrich. 
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4.2.2 Procedure for synthesising Zr-MOF-S30Pr catalyst 
 

Zirconium chloride (53 mg, 0.22 mmol), L-proline (126.6 mg, 1.1 mmol), H2bdc-

SO3Na (18.3 mg, 0.0681 mmol) and H2bdc (26.4 mg, 0.1589 mmol), were added into 

the mixture solution of 9 mL of DMF and 1 mL of acetic acid. The mixture was reacted 

in a 100 mL autoclave by heating it at 120 °C for 40 h. The crystalline product was 

washed three times with DMF and methanol, respectively. Finally, the product was 

dried under reduced pressure at 120 °C overnight.  

 
A similar procedure was applied to other ratios of H2bdc and H2bdc-SO3Na (see Table 

4.1).  

 

Table 4.1 The ratio of H2bdc-SO3Na and H2bdc added to MOFs 
 

 
Entry 

Zirconium-based 
Sulfonated MOF-
Proline Catalyst 

 
H2bdc-SO3Na 

 
H2bdc 

 

1 

2 

3 

4 

5 

 

UiO-66-S0Pr 

UiO-66-S30Pr 

UiO-66-S50Pr 

UiO-66-S70Pr 

UiO-66-S100Pr 

 

  0 % 

 30 % 

 50 % 

 70 % 

100 % 

 

100 % 

  70 % 

  50 % 

  30 % 

    0 % 

 

 

A schematic representation of the catalyst synthesis can be seen in Figure 4.1. This 

reaction scheme is specifically for the synthesis of the Zr-MOF-S30Pr catalyst, 

constructed from a zirconium salt and sulfonated mixed-ligands. 
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Figure 4.1 Direct solvothermal method for L-proline immobilisation onto MOFs 
 

 

4.2.3 Procedure for characterising the physicochemical 
properties of Zr-MOF-S30Pr catalyst 

 

These experiments aim is to assess the chemical and physical characteristics of Zr-

MOF-S30Pr using a series of analytical methods such as 1H NMR, N2 physisorption, 

FTIR, PXRD, XPS, SEM-EDX and TGA. The general procedures for material 

characterisation can be found in Chapter-3. 

 

 

4.2.4 Procedure for determining the optimum parameters 
of the aldol reaction in a conventional reactor  

 

To a carrousel tube , 99 mg of UiO-66-S30Pr/Zr-MOF-S30Pr and 5 mL solution of 

acetone: DMSO in ratio 1:4 were added. The mixture was stirred at 300 rpm for 15 min, 

then 2-chlorobenzaldehyde or 4-nitrobenzaldehyde, 50 mmol % of H2O and 10 mmol 

% of naphthalene were added and stirring continued at 25 °C until the reaction was 

complete. The enantiomeric excess (ee percentages) and reaction conversion were 

determined using HPLC and GC. 

 

4.2.4.1 Effect of solvent 
 

To obtain the highest activity and selectivity of the Zr-MOF- catalyst, different solvents 

(toluene, ethanol, DMF, THF, DMC, isopropanol and DMSO) were applied in the aldol 
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reaction using 4-nitrobenzaldehyde and acetone. To a carousel tube, 99 mg of UiO-66-

S20Pr (20 mmol% of l-proline used) and 5 mL of acetone:solvent in ratio 1:4 were 

added. The solvents employed included DMF, DMSO, CHCl3, DCM, ethanol, toluene 

and THF. The mixture was stirred at 300 rpm for 15 min, then 0.5 mmol aldehydes (2-

chlorobenzaldehyde or 4-nitrobenzaldehyde), 0.025 M of H2O and 0.01 M of 

naphthalene were added and stirring continued at 25 °C until the reaction was complete 

The enantiomeric excess (ee percentages) and reaction conversion were determined 

using HPLC and GC. The solvent that gives the best ee and conversion was selected 

for further experiment. 

 

 

4.2.4.2 Effect of L-proline loading 
 

To observe the influence of L-proline concentration on the reactant transformation, the 

aldol reaction was performed with different L-proline loading (10, 20, 30 and 40 

mmol%). To a carousel tube, 99 mg of UiO-66-SxPr with an appropriate L-proline 

loading (x is a L-proline loading screening at 10, 20, 30, 40 and 50 mmol%) 5 mL of 

acetone: solvent in a volume ratio of 1:4 were added. The solvent used is the best 

provided from previous experiments (section 4.3.2.1). The mixture was stirred at 300 

rpm for 15 min, then 0.5 mmol appropriate aldehydes (2-chlorobenzaldehyde and 4-

nitrobenzaldehyde), 0.025 M of H2O and 0.01 M of naphthalene were added and stirring 

continued at 45 °C until the reaction was complete (10 hours). The enantiomeric excess 

(ee, percentages) and reaction conversion were determined using HPLC and GC. The 

L-proline concentration, which resulted in the best conversion and ee, was chosen as 

the optimum L-proline content for the following aldol reaction. 

 

 

4.2.4.3 Effect of temperature 
 

The experiment was performed at a series of temperatures to attain the optimum 

temperature, which resulted in the maximum enantioselectivity. To a carousel tube, 99 

mg of UiO-66-SxPr (with x is the result of L-proline loading screening from section 

4.3.2.2 above) and 5 mL of acetone:solvent in a volume ratio of 1:4 were added (solvent 
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used is the result of solvent screening at section-4.3.2.1). The mixture was stirred at 

300 rpm for 15 min then 0.5 mmol appropriate aldehydes (2-chlorobenzaldehyde or 4-

nitrobenzaldehyde), 0.025 M of H2O and 0.01 M of naphthalene were added and stirring 

continued at an appropriate temperature (screening temperature at 5, 15, 25, 35, 45, 60 

and 70  °C until the reaction was complete (10 hours). The enantiomeric excess (ee, 

percentages) and reaction conversion were determined using HPLC and GC. The 

temperature which resulted in the best ee and conversion was then chosen as an 

optimum temperature for further aldol reactions. 

 

 

4.2.5 Procedure for reusability of Zr-MOF-S30Pr catalyst 
 

This experiment was conducted to observe the reusability of the new catalyst as a 

heterogeneous catalyst for aldol reaction. The aldol reaction was done in the optimum 

parameters found previously, either in a batch reactor or a Spinning Mesh Disc Reactor. 

The aldol reaction in the batch reactor was carried out using 4-nitrobenzaldehyde and 

excess acetone as a starting material under DMSO solvent at 25 °C for 600 minutes, 

catalysed by the Zr-MOF-S30Pr at a stirring speed of 300 rpm. The aldol reaction in 

SDR was performed at the same aldol reaction parameter using a spinning disc speed 

of 350 rpm and feed flowrate of 4 mLs-1 for 60 min.  

 
After being used for the first run, the catalyst was filtered using the membrane filtration 

method equipped with a dead-end-separation-cell model. Then, the used catalyst was 

ready for the subsequent runs of the aldol reaction.  

 
A dead-end cell was used to separate the catalyst from the solution (Figure 4.2). In a 

typical experiment, a fresh membrane sheet (Duramem-900) was cut into circles then 

fitted onto the membrane cell. Permeate was collected at a constant pressure of 20 bar 

and a temperature of 25 °C. The flow rate was set to be 1.2 L min−1. To allow its reuse, 

the catalyst was recovered and washed with DMF and ethanol, then dried under vacuum 

at 120 °C overnight, ready for the following reaction cycle.  

 
The catalysts-substrate mixture was separated by the organic solvent nanofiltration 

(OSN) membrane. The performance of the membrane was evaluated in terms of flux 

and solute rejection of feed solutions. The flux was calculated by measuring permeates 



Chapter~4 Zr-MOF-S30Pr catalyst 
 

 
 

122 

penetrated through the membranes per membrane area per unit time. The solute 

rejection was achieved by determining the concentration of the feed solutions and the 

permeate concentration. The following equation calculated the rejection: 

 

Rejection (%) = [(Cf-Cp)/Cf] x100                                     (4.1) 
 

where Cf is the feed solution concentration and Cp is the permeate concentration. As 

described in the literature, this well-used procedure was adopted [7-10]. 

 

 

 

 
Figure 4.2. Dead-end separation cell 

 

 
Each mixed solution resulted from the aldol reaction of the two reactants (2-

chlorobenzaldehyde/2CBA and 4-nitrobenzaldehyde/4NBA) passed to the cell 

membrane, and then the permeate was analysed using NMR spectroscopy. This 1H 

NMR test ensures that the membrane adequately filters the heterogeneous catalyst. 

 

 

4.2.6 Procedure for probing the chemical stability of Zr-
MOF-S30Pr catalyst 

 

Leaching test. A leaching test confirmed the truly heterogeneous nature of the Zr-

MOF-S30Pr catalyst. Hence, the Zr-MOF-S30Pr catalyst was separated from the reaction 
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mixture after the first 2 hours of the reaction, and the supernatant was analysed to 

determine whether the reaction was still ongoing. In addition, the potential presence of 

a catalyst in the supernatant was also investigated by 1H NMR spectroscopy. It was 

found that no further catalyst formation takes place in solution as shown from the 

constant conversion after 120 minutes reaction. Also, there are no peaks showing the 

presence of the catalyst. 

 

 

4.2.7 Procedure for determining the optimum parameters 
of the aldol reaction in an SDR 

 

To maximise the yield of aldol reaction products, it is necessary to optimise the 

operating parameters of the rotating disc reactor. The parameters to be optimised are 

rotating speed and reactant flow rate. Therefore, before the aldol reaction, the pump 

calibration was conducted to determine the correlation between rpm and feed flowrate 

(Supplementary information, section 4.5.1 Figure 4.19). 

 

 

4.2.7.1 Effect of spinning disc speed 

 

To attain the optimum spinning disc speed, the aldol reaction was performed in a range 

of rotation speeds of 150, 250, 350 and 450 rpm at a constant flow rate of 3 mL/s.  

 
The new Zr-MOF-S30Pr (3.960 g) catalyst was evenly spread over the glass spinning 

disc. To a 250 mL glass bottle, the acetone (40 mL) and DMSO (160 mL) were added 

and equipped with a magnetic stirrer. All electrical contacts (spinning disc controller at 

an appropriate rotational speed mentioned above, a constant feed flow rate of 3 mL/s 

and stirrer regulator in the reservoir/300 rpm) were turned on at 25 °C for 15 minutes. 

Afterwards, 4-nitrobenzaldehyde (20 mmol), H2O (0.025 M) and naphthalene (0.01 M) 

were added to the reservoir. This is the point to start counting the reaction time. 0.3 mL 

of sample was taken at 0 minutes and continued every 3 minutes for the first 21 minutes. 

After that, sampling was continued every 5 minutes until the last 61 minutes (However, 

for analysis purposes, the data displayed is only in the 21st, 31st and 61st minutes). The 

crude product was then analysed using HPLC after being extracted with ethyl 
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acetate/water and centrifuged for 15 min at 14000 rpm to concentrate undesired 

compounds that went down to the vial's bottom and transfer the supernatant to the 

HPLC vial. The HPLC parameters used for this experiment were as follows: UV-

wavelength was 254 nm, the analyte flow rate was 1 mL/min, mobile phase used was 

hexane/Isopropanol in a ratio of 80:20. 

 

 

4.2.7.2 Effect of feed volumetric flowrate 
 

To obtain the optimum feed volumetric flow rate, the aldol reaction was carried out in 

a series of the feed flow rate of 2, 3,  4 and 5 mL/s at a constant rotational speed of 350 

rpm. 

 
Before starting the reaction, the new Zr-MOF-S30Pr (3.960 g) catalyst was uniformly 

distributed over the spinning disc glass. The aldol reaction was begun from the reactant 

reservoir. Acetone (40 mL) and DMSO (160 mL) were added to the 250 mL glass 

container equipped with a magnetic stirrer. All electrical contacts (spinning disc 

controller/250 rpm, an appropriate peristaltic pump as mentioned above and stirrer 

regulator in the reservoir/300 rpm) were turned on at 25 °C for 15 minutes. 

Subsequently, 4-nitrobenzaldehyde (20 mmol), H2O (0.025 M) and naphthalene (0.01 

M) were added to the reservoir. This is the point to start counting the reaction time. 0.3 

mL of sample was taken at 0 minutes and continued every 3 minutes for the first 21 

minutes. After that, sampling was continued every 5 minutes until the last 61 minutes 

(However, for analysis purposes, the data displayed is only in the 21st, 31st and 61st 

minutes). The crude product was then analysed using HPLC after being extracted with 

ethyl acetate/water and centrifuged for 15 min at 14000 rpm to concentrate undesired 

compounds that went down to the vial's bottom and transfer the supernatant to the 

HPLC vial. Parameters used for this experiment were as follows: UV-wavelength was 

254 nm, the analyte flow rate was 1 mL/min, mobile phase used was 

hexane/Isopropanol in a ratio of 80:20. 
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4.3 Results and discussion 
 

The immobilisation of the L-proline organocatalyst on the supporting material of MOFs 

is intended to produce a catalyst product that can support the aldol reaction 

intensification process in the intensified Spinning Disc Reactor (SDR). The use of 

porous materials is a passive method to increase heat and mass transfer so that the 

kinetics of the catalyst increase. The requirement to be an effective catalyst is to have 

high stability against temperature and chemicals and have a high surface area. For this 

reason, it is necessary to characterise the material according to its function as a catalyst. 

Therefore, in the next section below, the results and discussion of the analytical 

characterisations that support the reliability of the new zirconium-based sulfonated 

MOF catalyst will be summarised. 

 

 

4.3.1 Material characteristic of Zr-MOF-S30Pr catalyst 
 

The catalyst material was characterised physically and chemically by a range of 

techniques. The degree of crystallinity was assessed by PXRD, and methods for 

supporting material characterisation include NMR, FTIR, TGA, SEM, XPS, and 

elemental analysis.  

 

4.3.1.1 1H NMR spectroscopy 
 
1H NMR spectra of Zr-MOFS30-Pr/UiO-66-S30Pr can be seen in Figure 4.3 after 

digestion in NH4F/D2O. The chemical shift of the aromatic protons of s-bdc and bdc 

are observable. Three doublets at d 8.16, 7.69 and d 7.03 ppm indicate the presence of 

SO3Na-bdc and the singlet at d 7.73 ppm confirmed the presence of bdc. Based on the 

integration, the ratio of the two linkers in the MOF (bdc and s-bdc) can be determined 

(ratio of s-bdc:bdc is 1:2.5). Several previous studies have demonstrated that the 

presence of L-proline which is also a modulator is a compensating/capping ligand 

coordinated to the metal node which is confirmed by ion exchange [11, 12]. Based on 
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this knowledge, we assume that L-proline bound to the metal node replacing the defect 

linkers [12, 13]. 

 
The appearance of the new multiplet signals at d 3.32-3.31 and d 2.02-1.64 ppm 

corresponds to the protons of the proline ring, which indicates the successful 

incorporation of L-proline onto the MOF. The ratio of L-proline (1:2.5:2 for ratio of s-

bdc:bdc:L-proline) are covalently bonded to the MOF can be determined from the 1H 

NMR integration, which is addressed to the chemical shift at d 1.75 and d 3.25 ppm.  

 

 

 
 

Figure 4.3 1H NMR spectra of Zr-MOF-S30Pr/UiO-66-S30Pr catalyst 
 

 

4.3.1.2 Powder X-ray Diffraction (PXRD)  
 

The PXRD patterns of synthesised zirconium prefunctionalised MOF (Zr-MOF or UiO-

66), functionalised zirconium MOF without s-bdc (Zr-MOF-Pr or UiO-66-Pr), 

functionalised zirconium MOF with s-bdc (Zr-MOF-S30Pr or UiO-66-S30Pr) and 

functionalised zirconium MOF without bdc (Zr-MOF-S100Pr or UiO-66-S100Pr) are 

presented in Figure 4.4. From the PXRD results, it can be seen that the highest intensity 

and the narrowest peaks are demonstrated by Zr-MOF-S30Pr. All their peaks are in good 

agreement with that of the parent MOF, featuring crystal planes (1,1,1), (2,0,0), (2,2,0) 

and (4,4,2)(6,0,0) represented by peaks at 7.4, 8.5, 12 and around 25 degrees, 
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respectively [14]. Even compared to the parent MOF, the presence of s-bdc (30 % from 

the total mixed linkers added) renders the MOF catalyst with much narrower peaks, 

confirming the improvement of MOF crystallinity upon the use of mixed linkers. 

Adding 30-equivalent-SO3Na-bdc gives MOFS30-Pr, which has the narrowest PXRD 

peaks of the samples analysed. The corresponding XRD patterns are in excellent 

agreement with the reference crystal structure of UiO-66 [15]. 

 
Most of the peaks in Zr-MOF-Pr without mixed-linker treatment or Zr-MOF-Pr with 

100% s-bdc (UiO-66-S100Pr) were broad (not sharp peaks), indicating that these two 

phases were close to amorphous. Therefore, it can be concluded that the sulfonated-

mixed linkage treatment improves the crystallinity, with this optimised with the use of 

30 equivalents.  

 

 

 
 

Figure 4.4 PXRD patterns of Zr-MOF-S30Pr/UiO-66-S30Pr compared to others 
 

 

4.3.1.3 N2 physisorption, BET surface area  
 

Surface area is one factor that determines the activity of a heterogeneous catalyst 

besides the number of active sites per unit amount of catalyst and method of 

preparation. Therefore, the selection of MOF as supporting material in this study is 

expected to increase the activity of the catalyst, which depends upon the adsorption of 

reactants on the surface of the catalyst.  
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The 77 K N2 sorption isotherm of Zr-MOF-Pr/UiO-66-S30Pr catalyst with 30% of s-bdc 

exhibits a hybrid type I shape, based on the IUPAC classification of adsorption 

isotherms, with a predominantly microporous structure (Figure 4.5.b) [14]. Micropores 

(size smaller than 2 nm by IUPAC definition) associated with Type I isotherms are to 

be expected from the UiO-66 crystal structure. The decreasing order of surface area and 

porosity of the Zr-MOF type before and after L-proline immobilisation based on Figure 

4.5 is sulfonated-Zr-MOF followed by UiO-66 and the MOF-catalyst.  

 

  
(a) (b) 

 
Figure 4.5 (a) Pore size distribution of Zr-MOF-S30Pr, (b) N2 uptake represents BET 

surface area 
 

 

The BET surface areas and total pore volumes of the MOF-Pr based on various 

concentrations of s-bdc obtained from the N2 adsorption experiment are given in Table 

4.2. It shows that adding 30% s-bdc results in the maximum surface area and pore 

volume. The largest surface area of L-proline-functionalised MOF was 997 m2/g, and 

the smallest surface area was 321 m2/g from the analogous material in which all the 

linkers were s-bdc. These results show that, under th4 conditions of the synthesis used, 

the presence of s-bdc/bdc linkers (mixed-linker) in a specific ratio can increase the 

surface area of the materials.   
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Table 4.2 BET surface area and total pore volume of Zr-MOF-SxPr in a series of s-
bdc 

 
Entry 

 
Zirconium-MOF-Pr 
 

 
BET surface area 

m2/g 

 
Total pore volume 

cm3/g 

1 

2 

3 

4 

5 

UiO-66-S0Pr 

UiO-66-S30Pr 

UiO-66-S50Pr 

UiO-66-S70Pr 

UiO-66-S100Pr 

925 

997 

471 

401 

371 

0.34 

0.38 

0.17 

0.13 

0.12 

 

 

Table 4.3 show that the measured BET surface area of UiO-66 (as-synthesized) is in 

good agreement with previous reports [16]. Interestingly, after adding mixed linkers of 

s-bdc/bdc BET surface area (1320 m2/g) and total pore volume (0.42 cm3/g) of UiO-

66-S30 show a slight increase compared to UiO-66. On the other hand, the decrease in 

surface area and pore for the new catalyst (Zr-MOF-S30Pr, 997 m2/g) is tiny compared 

to the surface area and pore of Zr-MOF-S30/UiO-66-S30 before immobilisation. 

Previous reports presented experimentally UiO-66 in 2008 with SBET 1187 m2g-1 [17, 

18]. Moreover, the crystal structure of defect-free UiO-66 reveals a theoretically SBET 

of 1644 m2g-1. These discrepancies can result from defects in the crystal structure such 

as missing linkers, missing clusters and inclusion of amorphous regions within the 

MOF [19, 20]. 

 

Table 4.3 BET surface area and total pore volume of new catalyst and support 
material 

 
Entry 

 
Zirconium-based MOFs 
 

BET Surface 
Area  

(m2/g) 

Total Pore 
Volume  
(cm3/g) 

 

1 

2 

3 

4 

 

UiO-66 (literature)[21-24] 

UiO-66 (as synthesised) 

UiO-66-S30 

UiO-66-S30Pr 

 

1110-1500 

1217 

1320 

  997 

 

Not available 

0.40 

0.42 

0.38 
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4.3.1.4 FTIR spectroscopy 
 

Figure 4.6 shows the effects of L-proline grafting on the FTIR spectra. The two peaks 

centred at 3400 and 3078 cm-1, supported by shoulder peak at 1595 cm-1, indicate the 

existence of the amino group [25] and demonstrate that Lewis base sites can be retained 

after following the modification process [26]. The disappearance of the peak at 2500 

cm-1 in the UiO-66-S30Pr spectra showed the absence of the free carboxylate acid of L-

proline, suggesting that it is deprotonated and coordinated to the SBU. In addition, the 

absence of the -NH2+ vibration at 1550 cm-1 was noticeable, which confirmed that the 

amino species was not protonated and thus likely to be playing a role in incorporating 

the L-proline onto the unsaturated Zr site.  

 
The appearance of peaks at 1080 and 1026 cm-1 for UiO-66-S30Pr can be attributed to 

the asymmetric vibration modes of –SO3H units (O=S=O symmetric stretching 

vibration and S=O vibration). Both of these peaks are similar in the system catalyst-

free ligand, suggesting that the Brønsted acid sites were modified onto the surface of 

the catalyst materials.  

 
The absence of a peak at 1730 cm-1, which is ascribed to stretching a protonated 

carboxylic group [27], further supports the idea that the carboxylic acid groups of the 

ligands are completely deprotonated on all samples. 

 

 

 
 

Figure 4.6 FTIR spectra of Zr-MOF-S30Pr/UiO-66-S30Pr catalyst  
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4.3.1.5 X-ray Photoelectron Spectroscopy (XPS  
 

Figure 4.7 presents the difference in atomic binding energy between the pre-

immobilisation sample (Zr-MOF-S30) and the sample after organocatalyst 

immobilisation (Zr-MOF-S30Pr) at the orbital energy level. From the binding energy, 

the elements that make up the catalyst can be determined as can the percentage of these 

elements present. The spectrum provides the binding energy of O1s, S2p, C1s, N1s and 

Zr3d from 0 to 1200 eV. 

 
In general, it can be seen that the binding energy of the orbital level of the new catalyst’s 

elements have shifted in value to be higher than the previous energy of the original 

element of pristine MOF. For more details, Table 4.4 shows the total binding energy 

of each orbital for each element that makes up Zr-MOF-S30 and Zr-MOF-S30Pr. There 

is a clear difference in binding energy before and after immobilisation. The spectrum 

shows that MOF-S30 is composed of the elements carbon (C), sulphur (S), oxygen (O), 

and zirconium (Zr), and the constituent Zr-MOF-S30Pr consists of C, S, O, Zr and 

nitrogen (N). When the C atom is still in the Zr-MOF-S30 framework, it has a binding 

energy of 282.18 eV but then shifts to 282.58 after binding to L-proline. Likewise with 

the other constituent atoms. The binding energy of the oxygen (O) 1s Zr-MOF-S30 atom 

has shifted from 531.98 eV to 532.18 eV. The 2p orbital that belongs to the S atom, its 

binding energy has shifted from 167.98 eV to168.08 eV after proline attachment, 

indicating the presence of the sulfonic acid group [28]. The most distinctive 

characteristic is the Zr 3d binding energy on Zr-MOF-S30 and Zr-MOF-S30Pr, with the 

peak deconvolved into two peaks, at 182.48 and 184.88 eV [29]. After being 

functionalised with L-proline, the peaks shifted to 182.58 and 184.98 eV. Nitrogen 

atoms indicate the presence of proline in the Zr-MOF-S30Pr sample, which has a 

binding energy of N 1s at 400.78 eV, but it is absent in Zr-MOF-S30. 

 
Overall, the shifting of binding energy and the presence of the constituent elements of 

Zr-MOF-S30 and Zr-MOF-S30Pr demonstrate that the L-proline immobilisation process 

occurs in the Zr-MOF-S30 support material. The whole spectra of the Zr-MOF-S30Pr 

and Zr-MOF-S30 components are in Figure 4.7, recorded between 0 and 1200 eV. 
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(a) 

 

(b) 

 
 

(c) (d) 

 
Figure 4.7 X-ray Photoelectron Spectroscopy (XPS) of O 1s, S 2p, C 1s and Zr 3d 

 

 

Table 4.4 indicates the presence of L-proline, detected as a nitrogen (N) atom in the Zr-

MOF-S30Pr sample, indicating that the proline was incorporated in Zr-MOF-S30 with 

an atomic concentration of 7.65 %. In the sample of Zr-MOF-S30 pre-functionalisation, 

there was no nitrogen atom detected. 

 
The sulphur XPS signal for both in Zr-MOF-S30 and Zr-MOF-S30Pr indicated the 

presence of the sulfonic acid group on the MOF at a binding energy of 167.98 eV and 

sifted to 168.08 eV after the immobilisation process converts Zr-MOF-S30 to Zr-MOF-

S30Pr. This change is consistent with the S(VI) oxidation state of the sulfonic acid group 

XPS as previously observed [28]. 
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Table 4.4 Binding energy and atomic concentration of Zr-MOF-S30 and Zr-MOF-S30Pr 
constituents at orbital energy level 

 
Sample Peak Binding Energy 

(eV) 
Atomic 

Concentration (%) 
 
MOF-S30 

C 1s 
O 1s 
S 2p 
Zr 3d 

282.15 
531.98 
167.98 
182.48/184.88 

59.59 
25.58 
7.18 
7.61 

 
 
 
MOF-S30Pr 

 
C 1s 
O 1s 
S 2p 
N 1s 
Zr 3d 

 
282.58 
532.18 
168.08 
400.78 
182.68/184.98 

 
52.57 
26.51 
7.08 
7.65 
6.19 

 

 

4.3.1.6  SEM-EDX spectroscopy 
 

Figure 4.8.(b) shows the EDX spectra data for the new chiral heterogeneous catalyst. 

The elemental data indicated that all the expected elements are present. Figure 4.8.(a) 

displays the surface morphology of UiO-66-S30Pr after vacuum drying at 120 °C for 12 

hours to activate the material. The SEM pictures of the Zr-MOF-S30Pr samples depicted 

uniform morphology with development from intergrown aggregates of particle 

features. This result is similarly reported by Schaate et al. (2011) [30] and Foo et al. 

(2012) [31]. Schaate found the same features when using a single modulator (acetic 

acid only) and further the octahedral shape growing when combining acetic acid with 

benzoic acid [30, 31]. Figure 4.8.(b) show the EDX spectra of the Zr-MOF-S30Pr 

catalyst, which comprises all the elements that constructed the framework. The shallow 

peak of sodium ions suggests that most of them have been exchanged by hydrogen ions 

to form -SO3H. 
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(a) (b) 

 
Figure 4.8 (a) SEM images of Zr-MOF-S30Pr, (b) EDX spectra of Zr-MOF-S30Pr 

 

 

4.3.1.7 Physicochemical stability  
 

Thermal stability. The TGA spectra of UiO-66-S30Pr/Zr-MOF-S30Pr and UiO-66 can 

be seen in Figure 4.9. There is a gradual weight loss of the new catalyst and parent 

supporting material on heating in the temperature range of 20 to 700 °C. The first 

weight loss is started by dehydration at around 100 °C, followed by the loss of the MOF 

synthesis modulator (acetic acid) at 120 °C (boiling point of acetic acid is 118 °C). The 

second weight loss is after 210 °C which is probably caused by the decomposition of 

the solvent, which may be obstructed inside the pores of the MOF. The framework's 

collapse implies the final deterioration of the material at a temperature of 550 °C, an 

excellent heat resistance for a heterogeneous MOF-based catalyst framework. As 

reported by Foo et al.(2011), the decomposition profile of the Zr-MOF-S30Pr catalyst 

was similar, consisting of 2 decomposition steps, firstly mass loss due to solvent 

evaporation and secondly, framework decomposition [31]. Interestingly, the Zr-MOF-

S30Pr catalyst has a higher decomposition temperature (550 °C) while UiO-66-SO3H 

from Foo is around 450 °C. The existence of L-proline may play a role in stabilising 

the MOF catalyst framework or delay framework decomposition until the L-proline 

itself to decomposed. Overall, the catalyst weight loss is around 56 %. This is 6 % less 

than the parent support material, UiO-66, which lost 62 % over the same temperature 

range. This implies that the new heterogeneous catalyst framework has better thermal 
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stability than the parent supporting material (UiO-66). This fact is interesting, as it has 

been previously been reported that some MOF-proline derivatives, such as DUT-67-

Pro, has lower thermal stability than the MOFs they are based on [32]. This 

performance can be rationalised by the new catalyst employed sulfonated mixed linker 

(bdc/s-bdc), leading to the framework's more stable architecture. 

 

 

 
 

Figure 4.9 TGA profile of Zr-MOF-S30Pr catalyst 
 

 

Leaching test. Metal or organic ligand groups can be leached into the reaction solvents 

like other solid-supported catalysts. Metal leaching from the MOFs causes catalytic 

activity diminishing and collapse or distortion of the framework. The collapsing 

framework can negatively affect the kinetics of the reaction and even affect the  

chirality of the product. A leaching test confirmed the truly heterogeneous nature of the 

Zr-MOF-S30Pr catalyst. Hence, the Zr-MOF-S30Pr catalyst was separated from the 

reaction mixture after the first 2 hours of the reaction, and the supernatant was analysed 

for whether the reaction was still ongoing (Figure 4.10). In addition, the possible 

presence of a catalyst in the supernatant was also investigated by 1H NMR spectroscopy 

(Figure 4.11). It was found that no further product formation takes place in a solution 

shown from the constant conversion after 120 minutes reaction. Also, there are no peaks 

showing the existence of a homogeneous catalyst in solution. 
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Figure 4.10 Conversion of 4NBA for catalyst leaching test 
 

 

 

 
 

Figure 4.11 1H NMR spectra of supernatant after 2 hours reaction without catalyst 
(leaching test) 

 

 

Chemical stability test. Figure 4.12 shows the PXRD powder patterns of UiO-66 as-

synthesized, Zr-MOF-S30Pr untreated and MOF-S30Pr treated with 20 mL of water, 1 

M HCl and 1 M NaOH for 2 hours. Overall, the results demonstrate a high resistance 

of MOF-S30Pr toward these chemical treatments, comparable to the parent untagged 

UiO-66. Furthermore, each treatment in water, HCl and NaOH does not affect the 

degree of crystallinity, confirming that they maintain their total crystallinity in acid or 

base, indicating that the framework structure is stable chemically. 
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Figure 4.12 PXRD patterns of Zr-MOF-S30Pr before and after treatment in water and 

chemicals (1M of HCl and NaOH) 
 

 

4.3.2 Determining the optimum parameters of the aldol 
reaction in a conventional reactor  

 

Figure 4.13 presents the proposed mechanism of an asymmetric aldol reaction using 

the new catalyst, Zr-MOF-S30Pr. First, involves the initial acid-promoted condensation 

of ketone (the carbonyl group was activated by the catalyst) to form an iminium ion 

(step A). Deprotonation iminium ion leading to the enamine intermediate (nucleophile) 

(step B). Reaction between enamine and aldol acceptor (electrophile) regenerates an 

iminium intermediate with an asymmetric centre on it (step C). Connection between 

enamine and substrate (aldehyde) is a covalent bond formation. Finally, the iminium 

intermediate was hydrolysed by releasing the aldol product and the amine/asymmetric 

catalyst.  
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Figure 4.13 Proposed the aldol reaction mechanism of 4NBA with acetone 
catalysed by Zr-MOF-S30Pr 

 
 

 

Aldehydes tend to be more reactive to nucleophilic addition than ketones because there 

is less steric hindrance. Ketones have two alkyl groups attached to their carbonyl 

carbon, while aldehydes only have one. This structure means nucleophiles have a less 

sterically hindered path when attacking the carbonyl carbon of an aldehyde. The 

combination of nucleophilic addition (which is promoted by acid) with enolization 

(promoted by both bases and acids) is what is then called an aldol reaction [33-35]. This 

catalyst combination led to the design of both acid/base based MOFs. The acid catalyst 

is represented by a sulfonated group attached to the ligand, and as a representative for 

the basic catalyst is the -NH group of L-proline. In addition, the role of the central metal 

ion as a Lewis acid probably can be rationalised.  

 

4.3.2.1 Solvent influence  

 
The influence of the solvent is summarised in Table 4.5. In general, no other by-

products besides a small amount of the aldol condensation product were formed in the 

stoichiometric reactions. In all reactions studied, water is necessary for optimal reaction 
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rates and enantioselectivities as it can reduce by-products when present in excess. In 

many aprotic polar organic solvents, the aldol reaction was performed successfully.  

 
The best enantioselectivity (43 %) was achieved in DMSO (Table 4.5, entry 2). A slight 

difference in enantioselectivity was observed in ethanol and THF (Table 4.5, entries 5 

and 7). The catalyst does not work under toluene solvent, and there is no product 

observable during the course of the reaction. Overall, in almost all cases the aldol 

product was obtained in modest conversion and enantioselectivity, probably due to the 

insufficient Lewis basicity of proline (20 mmol %) to form the enamine intermediate 

and the solvent polarity level, another variable in reaction acceleration. Therefore, 

solvent screening should obtain the best aprotic organic solvent resulting in maximum 

diastereoselectivity. This observation is in line with the results from Nakadai and co-

workers who showed that their catalyst (diamine-protonic acid catalyst) optimum 

performance in the aldol reaction was obtained using DMSO with the highest 

enantioselectivity of 85 % above other solvents such as THF (79 %), MeOH (75 %) 

and CH3CN (80 %) [36]. Also, the acidity of the catalyst would influence the 

enantioselectivity and would be optimum under the aprotic polar solvent of DMSO and 

acetone to control the protonic acid [37]. However, Vishnumaya et al.(2007) found that 

solvent could affect the stereoselectivity of aldol products. In contrast, the anti/syn ratio 

of the reaction product under DMSO, DCM, THF and EtOAc was much lower than the 

obtained in the combined percentage of protic solvent such as methanol and water[38]. 

The lowest conversion and enantioselectivity were obtained when the reaction was 

conducted in toluene, perhaps because toluene is not a suitable proton donor. 
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Table 4.5 Effect of solvent on conversion and enantiomeric excess of the aldol 
reaction 

 
 

Entry 
 

 
Solvent 

 
Conversion (%) 

 
ee (%) 

1. 
 

DMF 30 33 

2. 
 

DMSO 38 43 

3. 
 

CHCl3 33 27 

4. 
 

DCM 27 24 

5. 
 

Ethanol 26 22 

6. 
 

Toluene 8 6 

7. 
 

THF 17 21 

Aldol reaction condition: Zr-MOF-S30Pr (20 mmol %), 0.5 mmol 4NBA, DMSO:acetone (4:1), 
25 °C for 10 hours. 
 

 

4.3.2.2 Temperature influence 
 

Temperature plays an essential role in asymmetric organocatalyst reactions due to its 

influence on the selectivity and rate of the reaction and the stability of the catalyst. 

Thus, further, the effect of temperature on the enantioselectivity and catalytic activity 

for the aldol reaction was investigated. Figure 4.14 shows the percentage conversion 

of the reaction [39], increases from 5 to 45 °C and then decreases above 45 °C. 

However, the best enantioselectivity of the product was observed at 25 °C, and higher 

temperatures led to a remarkable decrease in the ee value. Therefore, to attain the best 

enantioselectivity, 25 °C is the optimal temperature for the Zr-MOF-S30Pr catalysed 

aldol reaction. 

 
Further, all the aldol experiments then will use the temperature of 25 °C. The literature 

survey found similar results for the aldolisation of anisole using a zeolite as the Lewis 

acid catalyst [40]. The main reason for this loss of activity at temperatures higher than 
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45 °C is the presence of the condensation products rather than the desired products. 

Hence, careful control of reaction temperature is a critical issue in this reaction.  

 

 

 
 

Figure 4.14 Influence of temperature on Zr-MOF-S30Pr performance 
 

 

4.3.2.3 L-proline loading influence 
 

The effects of L-proline loading were investigated to improve the Zr-MOF-S30Pr 

catalyst activity for the aldol reaction. Figure 4.15 presents the influence of L-proline 

concentration on the catalytic and enantioselectivity performance of the Zr-MOF-S30Pr 

catalysed aldol reaction between 4NBA and acetone donor. 

 
The catalytic performance and selectivity rises significantly with the L-proline 

concentration increase, and the maximum transformation was reached at the 

concentration of 30 mmol % of proline added. Furthermore, it was observed that the 

addition of L-proline concentrations higher than 30 mmol% decreased both conversion 

and selectivity. These results are most likely since L-proline can also have a reversible 

reaction with aldehydes [41] or inactivated ketones to form oxazolidinones [42]. This 

reaction also leads to the deactivation of the catalyst since part of the L-proline plays a 

role in oxazolidinone formation. 
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Figure 4.15 Influence of L-proline loading on Zr-MOF-S30Pr performance 
 

 

Overall, the optimised conditions reported for the Zr-MOF-S30Pr catalysed aldol 

reaction between ketone donors and aldehyde acceptors typically require 30 mmol% of 

added L-proline and a significant excess of ketone in anhydrous DMSO at 25 °C. 

 
In addition, the optimum reaction condition was also explored using 2CBA and overall 

the results compared to the L-proline performance as a benchmark. These results are 

presented in Table 4.6. The performance of the new heterogeneous catalyst (MOF-

S30Pr) was lower than the L-proline counterpart. This outcome could be understood as 

a diffusion process between the catalyst active site and substrate that will occur easier 

in a homogeneous catalyst than the heterogeneous catalyst.  

 
However, the reduction in activity is relatively low as the role of the open -SO3H group 

has unambiguously disclosed and revealed the presence of a high surface area, porous 

nature, and the open Bronsted acid. Shearer et al. (2016) [18] studied the chemical 

defects in UiO-66 using three different acids that trigger the defects, namely the 

monocarboxylic acids acetic acid, formic acid, ang trifluoroacetic acid. These acids 

have pKa values of 4.76, 3.77, 1.24 and 0.23. The trend of pore volume, and thus cluster 

defects, increased with decreasing pKa of the modulator. It is stated that the more acidic 

monocarboxylic acid leads to greater amounts of the deprotonated modulator in the 

MOF synthesis [18]. In addition, other researchers have revealed that the secondary 

amino acids of L-proline also play a role in establishing stable defects that increase the 

overall surface area and pores [11, 13, 43]. 
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There are several differences between the reactions involving 4NBA and 2CBA. It can 

be seen that 4NBA conversion and selectivity were higher than 2CBA. Also, the 

reaction time is shorter for 4NBA than for 2CBA. The overall reaction is reversible, 

and its equilibrium constant depends on the nature of the aldehyde and ketone. Those 

can be understood why 2CBA exhibit a lower value on both parameter nature of aldol 

reaction as 2CBA has a steric hindrance from the position functional group structure 

(Cl is in ortho position).  

 

 

Table 4.6 Conversion, yield and enantiomeric excess (ee) of the aldol reaction in 
different aldehydes  

 
 

Entry 
 

 
Aldehyde 

 
Product 

 
Catalyst 

 
eee 
(%) 

 

 
Conver 

sionf 
(%) 

 
Yieldg 
(%) 

1. 

  

 
Proline 
MOF-
S30Pr 
 

 
64a 
60b 

 
80 
59 

 
76 
55 

2. 

  

 
Proline 
MOF-
S30Pr 

 
83c 
80d 

 
85 
73 
 

 
83 
69 

aReaction for 4 h, breaction for 96 h, creaction for 2 h, dreaction for 24 h, egdetermined 
by HPLC, fdetermined by GC, gisolated yield 
 

 

4.3.3 Reusability of Zr-MOF-S30Pr catalyst in a 
conventional reactor 

 

Regeneration of the MOF-S30Pr catalyst was performed using a dead-end separation 

cell. The retentate from the dead-end cell was collected and analysed using 1H NMR 

spectroscopy. The NMR spectra showed no significant changes in the prominent shift, 

which indicates a good separation. Not only retentate but also permeate as a mixed 

solution of the aldol products, solvent and residual reactants show their respective 

positions on the appropriate chemical shift from the 1H NMR spectra and also HPLC. 
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They confirmed that the organic solvent nanofiltration (OSN) membrane rejected the 

heterogeneous catalyst Zr-MOF-S30Pr and allowed the aldol product and solvent to pass 

through the membrane pores. The catalyst recyclability was explored by recovering the 

catalyst from the reaction mixture and reusing it for three additional cycles. Figure 4.16 

demonstrates the Zr-MOF-S30Pr catalyst reusability for aldehydes, (a) 2-

chlorobenzaldehyde transformation and (b) 4-nitrobenzaldehyde transformation. The 

longer aldol reaction undertaken in a batch reactor may cause pore blocking of the aldol 

condensation by-product and generate poisonous species around the SBU [47-49]; 

hence catalyst deactivation occurred. Another causes possibility is nitrogen poison 

accumulated in the system [50, 51]. That is why the catalyst performance for both 

4NBA and 2CBA conversion decreases slightly over time. But overall, both of them 

show excellent regeneration in terms of reaction kinetics and optical selectivity. 

 

 

  
(a) (b) 

 
Figure 4.16 (a)Reusability of Zr-MOF-S30Pr in catalysing 2CBA-acetone, 

(b)Reusability of Zr-MOF-S30Pr in catalysing 4NBA-acetone 
 

 

Furthermore, the observation of the recycling ability of the catalyst using an SDR 

intensified reactor, only subjected to 4NBA aldehyde. 
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4.3.4 Determining the optimum parameters of the aldol 
reaction in an SDR  

 

Aldol reaction using 4-nitrobenzaldehyde and acetone with no necessity of working 

under a dry and inert atmosphere was developed for a straightforward practicable big 

scale approach to circumvent the need for a particular reaction condition. For this 

reason, we apply the Zr-MOF-S30Pr catalyst to the reactor that supports the Process 

Intensification, namely the Spinning Disc Reactor (SDR). To optimise the 

transformation of an aldehyde into the desired product (b-hydroxy aldehyde), it is 

necessary to screen SDR parameters, including the rotational speed of the spinning disc 

and feed flow rate. 

 

 

4.3.4.1 Rotational speed influence 
 

Figure 4.17 shows the rotational speed of spinning disc vs conversion of aldol reaction 

carried out at variations of spinning disc rotation speed (150, 250, 350, 450 rpm) at a  

constant feed flow rate (3 mL/s). The higher the rotational speed, the higher the kinetic 

performance of the Zr-MOF-S30Pr catalyst. This can be understood as the higher the 

rotational speed, the higher the shear stress due to the gravitational force, leading to 

perfect mixing and increased heat and mass transfer [44-46]. 

 

 

 
 

Figure 4.17 Effect of rotational speed on conversion of 4NBA 

 

Data sampling for analysis was carried out at 21, 31 and 61 minutes for each rotation 

speed. All of them show an increasing trend of conversion linearly with increasing 



Chapter~4 Zr-MOF-S30Pr catalyst 
 

 
 

146 

rotational speed. At a rotational speed of 350 rpm, observations in the 31st and 61st 

minutes showed a slight increase. Therefore the optimum point of rotational speed is 

assumed to be at 350 rpm. 

 

 

4.3.4.2 Feed flow rate influence 
 

The following optimised parameter is feed flow rate, as shown in Figure 4.18. The feed 

flow rate is applied in the range of 2, 3 and 4 mL/s at a constant rotational speed of 350 

rpm. From the graph of various feed flow rate vs conversions, it is known that the higher 

the feed flow rate, the higher the conversions generated. Therefore, the optimum feed 

flow rate at 4 mL/s is the best for a constant rotational speed of 350 rpm. The optimum 

conditions for the aldol reaction in the SDR reactor using a Zr-MOF-S30Pr catalyst will 

then be carried out at these optimum conditions. 

 

 

 

 
 
 

Figure 4.18  Effect of feed flow rate on conversion of 4NBA 

 

The comparison of MOFs catalyst performance in conventional and spinning disc 

reactors will be depicted in Chapter 7 to demonstrate the process intensification in SDR. 
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4.4 Summary 
 

In conclusion, we have developed an asymmetric MOF catalytic system constructed by 

mix-MOF (mixed-linker) and the active site of organocatalyst immobilised (typically 

stable Bronsted acid represented by -SO3H functional group and Lewis base of -NH 

group). A simple and efficient protocol was developed to synthesise a series of UiO-

66-S30Pr materials using the as-prepared, solvothermal synthesis method applying 

mixed-linkers (s-bdc and bdc) and L-proline grafting directly during the course of the 

reaction, resulting in a new heterogeneous catalyst with versatile characteristics as a 

catalyst. Various analytical methods have described the structural integrity of MOFs 

and the successful incorporation of a chiral catalyst. Also, the importance of using 

mixed linkers (s-bdc and bdc) in the catalytic activity was recorded. Characterisation 

has demonstrated that the catalyst UiO-66-S30Pr has a large surface area, excellent 

crystallinity and high thermal stability.  

 
Furthermore, the Zr-MOF-S30Pr catalyst demonstrated a good conversion, yield and 

enantioselectivity under the optimal condition of asymmetric aldol reaction (typically 

30 mmol% L-proline added, at 25 °C, DMSO solvent). Even though the kinetic 

performance of the new catalyst is lower than the homogeneous free L-proline, most 

importantly, the capability of the new catalyst can be recycled three times, making it a 

promising application for the chemical industry. Therefore, further work is needed to 

improve the catalyst's performance for it to become more stable chemically and 

physically with the surface area and the total pore volume increasing. Besides, the 

active centre further guarantees the bifunctionality of the catalyst containing both 

Bronsted acidic (-SO3H) and Lewis basic (-NH) groups. Future work will concentrate 

on decreasing the cost of the separation. Therefore, it is necessary to support fabric-

based materials that match the spinning disc topology. Overall, immobilisation of the 

peptide on the MOFs solid support is a breakthrough for a new heterogeneous catalysis 

with good activity, yield, enantioselectivity and catalyst reusability. 
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4.5 Supporting information 
 

4.5.1 RPM to flowrate calibration curve  
 

 

 
 

Figure 4.19 Peristaltic pump calibration of “flowrate-RPM” 
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Chapter~5 
 

Organocatalyst Immobilisation onto Woollen 

Cloth for Chiral Compounds Synthesis in a 

Spinning Mesh Disc Reactor (SMDR) 
 

 

 

 

5.1 Introduction 
 

Aldolase aldehyde combined with ketones into monostereoisomeric chiral products 

through heterogeneous Wool-Pr catalysts is an environmentally friendly alternative for 

synthesising chiral C-C compounds. Firstly, wool as a supporting material is 

environmentally friendly and inexpensive. Secondly, proline organocatalysts are 

simple small molecules with dual functions as nucleophiles and active electrophiles, 

such as Lewis bases and Bronsted acids. The two active proline sites will synergise to 

activate aldehyde and build a C-C bond structure. This compound is widely used as an 

intermediate in the manufacture of pharmaceutical drugs. Because of the importance of 

this compound, many attempts have been made to bridge the limitations of 

homogeneous and heterogeneous catalysts by combining them. Therefore, this research 

made efforts to make L-proline a heterogeneous catalyst by immobilising it on woollen 

cloth. In addition, the pliable nature of wool makes it flexible with spinning disc 

surfaces. 

 
Chemically, wool has many active functional groups, which can also be covalently 

bonded to proline active groups. Therefore, the selection of wool as a support material 

is very appropriate to modify L-proline as a homogeneous catalyst into a heterogeneous 

catalyst. With the advantages of heterogeneous catalysts that are easy to separate and 

reduce chemical waste, energy and cost savings can be reduced. 
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New challenges will always arise if the process is carried out with a general reactor, 

namely the batch stirred tank reactor (BSTRs), due to its limitations in terms of mass 

transfer. 

 
The previous chapter described proline immobilisation onto MOFs as a support 

material for a heterogeneous catalyst of aldol reaction. Catalytic reaction, mainly using 

spinning disc reactor, is a technologies/methods intensification for processes related to 

solid handling application [1]. This chapter presents the proline immobilisation onto 

wool as a support material. It will also be explained a characteristic of a new 

heterogeneous catalyst after testing using FTIR, SEM/EDX, PXRD and XPS. 

Furthermore, the new catalysts tested for their morphology, crystallinity, thermal 

stability, and bonding energy will then be tested for their reaction kinetics and 

enantioselectivity to observe whether the intensification process occurs in SMDR by 

comparing with the conventional reactor. In addition, the integration of PI in SMDR 

and observations of catalyst reusability were also implemented to find the possibility 

for industrial application. 

 

 

5.2 Materials and experimental procedures 
 

General procedures for aldol reaction using L-proline and analytical characterisation of 

Wool-Pr are presented in Chapter-3. Instead, the specific methods for catalysis 

development are described in this section. 

 
The scope of the experiment includes the synthesis/immobilisation of proline 

organocatalysts onto bio-material support "wool", characterisation of new immobilised 

catalysts, evaluation of recent immobilised catalysts performance and testing of new 

catalyst recycling. 
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5.2.1 Materials 
 

All chemicals and materials were purchased from standard chemical suppliers, and all 

reagents were used as received (unnecessary to be tested for purity before use). 

Glassware was oven dried as required and cooled without specific gas pressure. 

Terephthalic acid and sulfonated terephthalic acid were obtained from Acros Organics, 

and zirconium chloride was obtained from Sigma-Aldrich (≥95%). 99.5% pure Acetic 

acid was obtained from Sigma-Aldrich. In addition, 4-nitrobenzaldehyde were obtained 

from Sigma-Aldrich ≥98%. L-Proline was bought from Sigma-Aldrich. Sodium silicate 

and sodium sulphite from Sigma-Aldrich. The reagents used for immobilization 

preparation were di-isopropyl carbodiimide (DIC, Sigma-Aldrich, 99.7%), acetone 

(Sigma-Aldrich, 99%), hydrogen peroxide (Sigma -Aldrich, 50%), sodium borohydride 

(Sigma-Aldrich), sodium hydroxide (Sigma-Aldrich), isopropanol (Sigma-Aldrich, 

99.5%), ethylenediamine (Sigma-Aldrich) and hexane (Sigma-Aldrich, 97%). 

Deionized water was obtained from an ELGA Maxima Ultra purifier system. 

 

 

5.2.2 Procedure for Wool-Pr catalyst synthesis  
 

Synthesis of Wool-Pr catalysts consists of three stages. The first stage is the woollen 

cloth pre-treatment. Secondly is the stage of amination, and thirdly is the stage of 

proline immobilisation onto the woollen cloth. 

 

 

5.2.2.1 Woollen cloth pre-treatment.  
 

Before proline immobilisation, the woollen cloth must be treated to remove waxes over 

the woollen cloth surfaces and allow the fabric to be more hydrophilic. A solution of 

920 ml hydrogen peroxide (30%) and 62 gL-1 sodium silicate at pH 9 (from 0.1 M 

Na2CO3, NaHCO3 buffer) were poured into the woollen cloth cut into a circular sheet 

with a diameter of 250 mm. The entire surface of the woollen cloth was made sure to 

be submerged by the solution at 55 °C for 70 minutes. Then the woollen fabric was 

dried in the open air and followed by an oven drying at 60 °C for 4 hours. Furthermore, 
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50 mL of 0.1 M sodium sulphite was added to modify the surface of the woollen cloth, 

providing a more active site (-SO3H as Brònsted acid) and left for 1 hour. Finally, the 

fabric was dried in the open air and followed by an oven drying at 60 °C for 4 hours. 

 

 

5.2.2.2 Sodium borohydride reduction 
 

0.5 M NaBH4 solution in  0.1 N NaOH was added to the woollen cloth in two to three 

aliquots over 30 minutes at 25 °C so that the final concentration of NaBH4 became 0.1 

M. The cloth was dried in the open air and followed by an oven drying at 60 °C for 4 

hours. 

 

 

5.2.2.3 Amination of wool 
 

The dried woollen cloth was then processed of amination by soaking the fabric into the 

12% ethylenediamine solution at 25 °C for 24 hours using N, N′-

Diisopropylcarbodiimide (DIC) as a coupling agent. The cloth was finally dried in the 

open air at 25 °C for 24 hours), then oven-dried at 60 °C for 4 hours. 

 

 

5.2.2.4 L-proline immobilisation onto wool 
 

L-proline immobilisation was done by varying the concentration of L-proline which was 

immobilised in four types of concentration variations, among others: 10, 20, 30 40 

mmol%. To the woollen cloth that has been aminated and dried, 10, 20, 30 and 40 

mmol% L-proline were added to each woollen cloth in sequence at 25 °C for 48 hours 

and coupling with N, N′-Diisopropylcarbodiimide (DIC) (Figure 5.1.(a)). The cloth 

was finally washed with deionised water several times (3X 10 minutes) and dried in the 

open air at 25 °C for 24 hours and then oven drying at 60 °C for 4 hours. The woollen 

cloth catalyst was ready for catalysing asymmetric aldol reaction in the Spinning Mesh 

Disc Reactor (SMDR) (Figure 5.1.(b)). The process outlined above was repeated so 
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that there was another Wool-Pr for parallel aldol reaction experiments in batch reactors 

as a comparison. 

 

  

(a) (b) 

 
Figure 5.1 (a) L-proline immobilisation onto wool, (b) Wool-Pr catalyst on a glass 

spinning disc ready for the aldol reaction in SMDR 
 

 

 

5.2.3 Procedure for characterising the physicochemical 
properties of Wool-Pr catalyst 

 

Analysis and characterisation techniques were employed to investigate the Wool-Pr 

catalyst compared to the plain-wool. The FTIR spectra can explain the interconnection 

between molecules such as functional group molecules. The surface morphology was 

investigated using the scanning electron microscope (SEM) with the energy-dispersive 

X-ray spectroscopy (EDX). The XPS was done to analyse the surface structural 

properties and elemental composition. The thermal characterisation was carried out 

using thermal gravimetric analysis to see the mass losses of the material in the 

temperature range of 25-700 °C. A detailed description of this material characterisation 

procedure is described in Chapter-3. 
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5.2.4 Procedure for determining the optimum parameters 
of aldol reaction in a conventional reactor  

 

Optimisation of the parameter and reaction condition was carried out to improve the 

catalyst's performance in the aldol reaction. It includes the effect of solvent, catalyst 

loading and temperature on activity and selectivity. 

 

5.2.4.1 Solvent influence 

 

To a 40 mL beaker glass, a 4X4 of Wool-Pr catalyst (20 mmol% of L-proline used) and 

10 mL of acetone: solvent in ratio 1:4 were added. An appropriate solvent was applied 

for each experiment, including DMF, DMSO, CHCl3, DCM, ethanol, toluene and THF. 

The mixture was stirred at 300 rpm for 15 min, then 0.5 mmol aldehydes (4-

nitrobenzaldehyde), 0.025 M of H2O and 0.01 M of naphthalene were added and stirring 

continued at 25 °C. Upon reaching completion, determined via HPLC, an aliquot (0.1 

ml) was withdrawn, quenched with saturated aqueous ammonium chloride solution (0.5 

ml), extracted with ethyl acetate (1 ml), dried over MgSO4, and centrifuge using 

minicentrifuge at 14000 rpm for 10 min, ready for HPLC analysis. The enantiomeric 

excess (ee, percentages) and reaction conversion were determined using HPLC. The 

solvent that gives the best ee and conversion will then be chosen for further experiment. 

 

 

5.2.4.2 Temperature influence 

 

To obtain the optimum temperature, the experiment was carried out at various 

temperatures such as 5, 15, 25, 35, 45, 60 and 70 °C. To a 40 mL beaker glass, a 4x4 

cm of Wool-Pr catalyst and 5 mL of acetone: solvent in a volume ratio of 1:4 were 

added (solvent used is the result of solvent screening at section-5.2.4.1). The mixture 

was stirred up at 300 rpm for 15 min, then 0.5 mmol aldehydes (4-nitrobenzaldehyde), 

0.025 M of H2O and 0.01 M of naphthalene were added into the reaction system. The 

stirring was continued at an appropriate temperature until the reaction was complete. 

Next, an aliquot (0.1 ml) was withdrawn, quenched with saturated aqueous ammonium 

chloride solution (0.5 ml), extracted with ethyl acetate (1 ml), dried over MgSO4, and 
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centrifuge using minicentrifuge at 14000 rpm for 10 min, ready for HPLC analysis. The 

enantiomeric excess (ee, percentages) and reaction conversion were determined using 

HPLC. The temperature which resulted in the best ee and conversion will then be 

chosen as an optimum temperature for further aldol reaction. 

 

 

5.2.4.3 L-proline loading influence 

 

The Aldol reaction was performed using different L-proline loading of 10, 20, 30 and 

40 mmol%. The aim of this experiment was to observe the influence of L-proline 

concentration on the reactant transformation.  

 
To a 40 mL beaker glass, a 4x4 of Wool-Pr catalyst with an appropriate L-proline 

loading (10, 20, 30, 40 and 50 mmol%) and 5 mL of acetone: solvent in a volume ratio 

of 1:4 were added. The solvent used is the best provided from previous experiments 

(section 5.2.4.1). First, the mixture was stirred up at 300 rpm for 15 min, then 0.5 mmol 

aldehydes (4-nitrobenzaldehyde), 0.025 M of H2O and 0.01 M of naphthalene were 

added and stirring up continued at a suitable temperature found in section 5.2.4.2. Next, 

an aliquot (0.1 ml) was withdrawn, quenched with saturated aqueous ammonium 

chloride solution (0.5 ml), extracted with ethyl acetate (1 ml), dried over MgSO4, and 

centrifuge using minicentrifuge at 14000 rpm for 10 min, ready for HPLC analysis. The 

enantiomeric excess (ee, percentages) and reaction conversion were determined using 

HPLC. 

 

 

5.2.5 Procedure for the aldol reaction scale-up in a 
conventional reactor 

 

In a 1000 ml beaker glass, an equivalent surface area of the Wool-Pr catalyst reaction 

was put inside the beaker for a 200 mL reaction system. Acetone and DMSO were 

added to the beaker in a volume ratio of 1:4. The mixture was stirred up at 300 rpm for 

15 minutes. 20 mmol of 4-nitrobenzaldehyde, 0.025 M of H2O and 0.01 M of 

naphthalene were added and stirring up continued at 25 °C until the reaction was 

completed. An aliquot (1 mL) was withdrawn at 0, 5, 15, 30, 60, 120, 180, 240, 300, 
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360, 420, 480, 540, 600 min and continued at 23 and 24 h. This sample was then 

quenched with saturated aqueous ammonium chloride solution (5 ml), extracted with 

ethyl acetate (5 ml), dried over with MgSO4, and centrifuge the top layer with 

minicentrifuge at 14000 rpm for 10 min. The supernatant was moved to an HPLC vial 

and ready for HPLC analysis. The HPLC chromatogram of starting material, 4-

nitrobenzaldehyde, is displayed in Chapter 5.5, section 5.5.1, Figure 5.21. 

 
The reaction procedure was the same as above but not followed by the aliquot taking 

step to obtain the yield. After the reaction was complete, continued with quenching 

with saturated NH4Cl (40 mL) and extraction with EtOAc (3x, 100 mL), and dried with 

Na2SO4. Next, DMSO reduction was carried out by washing using 5x distilled water, 

100 mL. Finally, purification by flash chromatography using ethyl acetate : hexane 

(4:6) afforded the corresponding pure products.  

 

 

5.2.6 Procedure for the aldol reaction scale-up in a 
spinning mesh disc reactor (SMDR) 

 

The SMDR was optimized based on flowrate and spinning disc speed. The aldol 

reaction was performed as the previous procedure in Chapter-3. The Wool-Pr catalyst 

was placed over the glass spinning disc, as shown in Figure 5.2. 

 

 

 
 

Figure 5.2 Wool-Pr catalyst (a) before and (b) after the aldol reaction 
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5.2.6.1 Effect of feed flowrate 
 

To attain the optimum volumetric flowrate, the aldol reaction was carried out in a series 

of the feed flow rate of 2,3 and 4 mL/s at a constant rotational speed of 250 rpm. 

 
Before starting for the reaction, the new Wool-Pr catalyst was put over the spinning 

disc glass and tightened with appropriate screw. The aldol reaction was begun from the 

reactant reservoir. Acetone (40 mL) and DMSO (160 mL) were added to the 250 mL 

glass container equipped with a magnetic stirrer. All electrical contacts (spinning disc 

controller/250 rpm, an appropriate peristaltic pump as mentioned above and stirrer 

regulator in the reservoir/300 rpm) were turned on at 25 °C for 15 minutes. Afterwards, 

4-nitrobenzaldehyde (20 mmol), H2O (0.025 M) and naphthalene (0.01 M) were added 

to the reservoir. This is the point to start counting the reaction time. 0.3 mL of sample 

was taken at 0 minutes and continued every 3 minutes for the first 21 minutes. After 

that, sampling was continued every 5 minutes until the last 60 minutes. The crude 

product was then analysed using HPLC after being extracted with ethyl acetate/water 

and centrifuged for 15 min at 14000 rpm to concentrate undesired compounds went 

down to the bottom of the vial and transfer the supernatant to the HPLC vial. Parameters 

used for this experiment were as follows: UV-wavelength was 254 nm, the analyte flow 

rate was 1 mL/min, mobile phase used was hexane/Isopropanol in a ratio of 80:20. 

 

 

5.2.6.2 Effect of spinning disc speed 

 

To obtain the optimum spinning disc speed, the aldol reaction was performed in a range 

of rotation speeds of 250-450 rpm at a constant flow rate of 4 mL/s.  

 
The new catalyst of Wool-Pr was put over the glass spinning disc and tightened with a 

screw. To a 1000 mL of beaker glass, the acetone (40 mL) and DMSO (160 mL) were 

added and equipped with a magnetic stirrer. All electrical contacts (spinning disc 

controller at an appropriate rotational speed mentioned above, a constant feed flow rate 

of 4 mL/s and stirrer regulator in the reservoir/300 rpm) were turned on at 25 °C, for 

15 minutes. Afterwards, 4-nitrobenzaldehyde (20 mmol), H2O (0.025 M) and 

naphthalene (0.01 M) were added to the reservoir. This is the point to start counting the 
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reaction time. 0.3 mL of sample was taken at 0 minutes and continued every 3 minutes 

for the first 21 minutes. After that, sampling was continued every 5 minutes until the 

last 60 minutes. The crude product was then analysed using HPLC after being extracted 

with ethyl acetate/water and centrifuged for 15 min at 14000 rpm to concentrate 

undesired compounds went down to the bottom of the vial and transfer the supernatant 

to the HPLC vial. The HPLC parameters used for this experiment was as follows: UV-

wavelength was 254 nm, the analyte flow rate was 1 mL/min, mobile phase used was 

hexane/Isopropanol in a ratio of 80:20. 

 

 

5.2.7 Procedure for catalyst reusability in an SMDR and a 
conventional reactor 

 

This experiment was accomplished to afford the reusability of the new catalyst as a 

heterogeneous catalyst for aldol reaction. The aldol reaction was done in the optimum 

parameters were found in the previous section, either in a batch reactor or in a Spinning 

Mesh Disc Reactor. The aldol reaction in the batch reactor was carried out using 4-

nitrobenzaldehyde and excess acetone as a starting material under DMSO solvent at 25 

°C for 600 minutes catalysed by the Wool-Pr at a stirring speed of 300 rpm. The aldol 

reaction in SMDR was performed at the same aldol reaction parameter using a spinning 

disc speed of 450 rpm and feed flowrate of 4 mLs-1 for 60 min.  

 
After being used for the first run, the catalyst was washed with ethanol for 10 minutes 

and oven-dried at 60 °C for 1 hour. Then, the used catalyst was ready for the subsequent 

runs of the aldol reaction.  

 

 

5.2.8 Procedure for Residence Time Distribution (RTD) 
measurement 

 

Residence time distribution (RTD) was measured by tracing methylene blue solution 

used as a step-input tracer experiment. The methylene blue was delivered into the centre 

of the disc by the plastic syringe connected with the peristaltic pump. The 3.2 mm dia 

of Watson-Marlow silicone tubbing was used to pump the methylene blue. 
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The desired flow rate can be set from the speed controller. It is set according to the 

calibration results, which convert the volume conversion per second of the flowing 

liquid solution to the rotation value per minute (rpm). The feed flow rate setting on the 

speed controller is expressed in rpm. 

 
The 60 ml syringe was filled with methylene blue of 0.5 g/l concentration and was 

inserted in its slot on a syringe driver. The volumetric flowrate of methylene blue tracer 

was set from the pump flowrate controller and kept at 5 ml/min for the entire 

experiment.  

 
After the spinning disc glass was set up on the spinning disc glass, the peristaltic pump 

was set at the desired flow rates and was turned on to fill the tubing system and the 

single point distributor. This ensured that tubing and feeding systems were utterly full 

and air bubbles-free. The pumps were turned off once the fluids appeared on the centre 

of the disc. The spinning disc was then cleaned using a paper towel, and the spinning 

disc was set up over the spinning disc glass. Next, the rotational speed motor was set 

up at the desired speed and was turned on. The stopwatch was turned on once the 

methylene blue pump was turned on. The twenty samples were collected with a time 

interval of 10 s for absorbance analysis using a UV/VIS spectrophotometer at 662.7- 

664.8 nm. 

 

 

 

5.3 Results and discussion 
 

In this section, we will summarise and discuss the results of heterogeneous catalyst 

synthesis (immobilisation of L-proline onto wool), material characterisation and 

evaluation of catalyst performance both applied to conventional reactors and to the 

intensified reactor, Spinning Disc Mesh Reactor (SMDR).  
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5.3.1 The physicochemical properties of Wool-Pr catalyst 

 

Several analytical test has been done to ensure that the resulting catalyst is in 

accordance with the material requirements as a catalyst. The material characteristic data 

will support the reliability of Wool-Pr as a new heterogeneous catalyst. 

 
Analysis and characterisation techniques were employed to investigate the Wool-Pr 

catalyst compared to the plain-wool. The FTIR spectra can explain the interconnection 

between molecules such as functional group molecules. The surface morphology was 

analysed using the scanning electron microscope (SEM) with the energy-dispersive X-

ray spectroscopy (EDX). The XPS was done to investigate the surface structural 

properties and elemental composition. The thermal characterisation was carried out 

using thermal gravimetric analysis to see the mass losses of the material in the 

temperature range of 25-700 °C. 

 

5.3.1.1 FTIR spectroscopy 

 
A spectrophotometer (Spectrum-100, FTIR spectrum, Perkin Elmer, Japan) has been 

used to record the FTIR spectra of unmodified woollen cloth and L-proline-modified 

woollen cloth in Figure 5.1.1. FTIR can detect a range of functional groups that provide 

information based on the whole sample's chemical composition and physical state [2]. 

Overall, infrared spectroscopy confirms successful L-proline immobilisation onto a 

woollen cloth. 

 
Figure 5.3.a shows the spectra of plain wool after being unwaxed with hydrogen 

peroxide and sodium sulphite. It can be seen that the functional group such as -NH 

(1524 and 2890-3590 cm-1) and -C=O (1635 cm-1) dominate the surface of plain-wool. 

According to the literature [3], the surface of wool generally contains those functional 

groups, and some of them are crosslinked with the active sulphide group. Oxidation of 

disulphide linkage by hydrogen peroxide and the addition of sodium sulphite allow the 

formation of sulphite acid (-SO3H). The presence of wavenumber at 1086 cm-1 indicates 

band assignment of S=O, and stretching at 1235 cm-1 suggests band assignment of 

O=S=O. 
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Figure 5.3.b describes the IR spectra of L-proline with the prominent peaks at 640 cm-

1(-CH stretch) indicates band assignment for d ring, 788 and 848 cm-1 (-CH2 bend), 

1034 cm-1 (-CO stretch, n-ring), 1377 cm-1 (-OH bend, carboxylic acid), 1554 cm-

1(dNH) and 1612 cm-1 (-CO stretch) and around 2784-3049 cm-1 (-NH symmetric and 

asymmetric stretch), these are consistent with previous research inexistent of proline 

content [4]. Figure 5.3.c exhibits the spectra of proline modified woollen cloth with 

various distinctive absorption peaks between 500-4000 cm-1. Apparent differences are 

already revealed when observing the whole spectra. A broad one in the range of 2811-

3570 cm-1 (peak-6) assign to the presence of -NH from proline which bonded to the 

woollen cloth and may be related to the -NH2 of the woollen fabric. The apparent 

increase in the intensities of the intense peaks at 1608 cm-1(peak-5), 1401 cm-1(peak-4) 

and 1026 cm-1 (peak-3) belonging to -CONH- (amide I), amide II and -CN stretching 

of amide III may be attributed to proline-ethylenediamine-wool bonding [5]. Peak-3 

also indicate the n-ring as a sign of the proline presence (-C=O stretch of Ar-O-R) [5]. 

Ar is from aromatic proline, and R is from polymeric wool. These results indicated 

dihydroxylation of carboxylic-proline bonding with an amine of aminated wool. 

 

 

 
 

Figure 5.3 FTIR spectra of (a)plain-wool, (b)L-proline and (c)Wool-Pr  
 

 

A peak at 1555 was gone in Wool-Pro, indicating that the Hydroxyl (-OH) group of 

carboxylic proline made covalent bonding with -NH2 of aminated wool. Peak-1 at 639 
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cm-1 and peak-2 at 787 cm-1 may correspond to -CH ring stretch, present in aromatic of 

proline which has already immobilised on the wool.  

 

5.3.1.2 SEM-photograph and EDX-spectroscopy 
 
The surface morphology appearance of the Wool-Pr catalyst fabric can be observed in 

Figure 5.4, and both are visible using bare eyes and SEM.  

 

 

 

 
(a)                                        (b)                                         (c) 

 
Figure 5.4 Photograph of (a) Wool-Pr visually, (b)(c)Wool-Pr in different SEM 

magnification 
 

 

Typical SEM images of unmodified wool and L-proline modified wool are shown in 

Figure 5.5. (a) and (b). Overall, it shows the different morphology between wool 

surfaces before L-proline immobilisation and after. Figure 5.5 (a)–(b) shows plain-

wool's SEM images before L-proline immobilisation. It clearly shows the boundary of 

cuticles and the wool fibre, which agrees with the literature [6]. Figure 5.5 (c)-(d) 

illustrate the changes of surface morphology of woollen cloth after L-proline 

immobilisation was observed in SEM images. It can be seen that the wool fibre is 

covered with ethylenediamine which covalently bonds with proline. This evidence is 

indicated by the absence of cuticle boundary over the fibre surfaces since it is 

surrounded by ethylenediamine-proline. An unexpected crack over the wool surfaces 

indicated the layer formed.  
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(a) (b) 

 

 

 

 
(c) (d) 

 
Figure 5.5 SEM images feature of aminated L-proline assembly on wool 

 

 

Figure 5.5 (d) clearly shows a blanket layer and a hole with the cuticle boundary line 

inside. The appearance of a spot with cuticle lines in it was obtained accidentally, also 

additional evidence that L-proline has been immobilised on the surface of wool fibre. 

A noticeable difference is observed by measuring the wool fibre diameter changes from 

around 25.83 µm (before proline immobilisation) to approximately 35.71 µm (after 

proline immobilisation). This change in diameter means an increase of 9.88 µm due to 

forming a layer after proline immobilisation. It is also supported by the mass expansion 

of around 0.89 g per gram wool plain of fibre weight after immobilisation. Grafting was 

determined based on weight increase [7, 8].   

 
The EDX survey of woollen cloth before and after L-proline immobilisation is 

presented in Figure 5.6 (a)-(b). From the EDX analysis, nitrogen as one of the elements 
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of the plain-wool surface appears clearly on both conditions before and after 

immobilisation. It can be seen that after immobilisation with proline, the existence of 

nitrogen is higher than before immobilisation (Figure 5.6 (a)). Due to proline addition 

on sample 4(b), nitrogen appears higher on the spectra of the Wool-Pr (Figure 5.6 (b)). 

Carbon, oxygen and nitrogen peaks are prevailing in the spectra, with sulphur peaks 

visible on both spectrums as they are in agreement with the literature [9, 10]. 

 

 

 

 

 

 
(a) (b) 

 
Figure 5.6 EDX spectra analysis of woollen fibre before (a) and after (b) L-proline 

immobilisation 
 

5.3.1.3 X-ray Photoelectron Spectroscopy (XPS) 
 
XPS analysis was performed to characterise the elemental composition and the bonding 

energy of the compound before and after proline immobilisation onto woollen cloth 

[11]. The chemical state and the design of the outermost surface (5 nm) were 

investigated from the spectra in Figure 5.7. Overall, there is a change in binding energy 

before and after immobilisation. Also, a change in atomic concentration before and 

after immobilisation was presented. The N 1s binding energy (BE) for the pure wool 

samples was found at 400.08 eV, in agreement with previously published results [3]. 

The N 1s spectra shifted to 400.88 eV, indicating the presence of N from L-proline on 

the catalyst. It is also supported by the change of atomic nitrogen concentration from 

2.18 to 12.13 %. Sulfuric atom originally from bisulfide bonding on the wool was 
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detected at 167.98 eV and shifted to 168.38 eV with a change in atomic concentration 

from 3.10 to 1.10 % after wool treatment followed by immobilisation.  

 

 

  
(a) (b) 

 

 

 

 
(c) (d) 

 
Figure 5.7 Binding energy spectra of wool and Wool-Pr, (a) C1s, (b) N1s, (c) O1s, 

and (d) S2p 
 

 

Compared to the C 1s XPS spectra of the untreated wool, the C 1s peak of immobilised 

wool shifted from 284.18 to 284.58 eV. While a peak at 531.38 eV was assigned to the 

oxygen atom before immobilisation and turned to 532.48 attributed to the oxygen atom 

after immobilisation. 

 
The shift of the binding energy of wool observed in the Wool-Pr is attributed to the 

increase of electron density of microparticles by a covalent assembly of the proline 

group with the wool. Thus, the results confirm that the new binding is formed on the 

surface of woollen cloth during the immobilisation process, implying L-proline 

particles are grafted onto the wool fibre surfaces. 
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Table 5.1 XPS data of woollen fibre before and after L-proline immobilisation 
 

 
Sample 

 
Peak 

Binding Energy 
(eV) 

Atomic 
concentration 

(%) 
 
Plain Wool 

 
C 1s 
N 1s 
O 1s 
S 2p 

 

 
284.18 
400.08 
531.38 
167.98 

 
84.01 
2.18 

13.81 
3.10 

Wool-Pr C 1s 
N 1s 
O 1s 
S 2p 

 

284.58 
400.88 
532.48 
168.38 

78.45 
11.12 
9.72 
2.11 

 

 

5.3.1.4 PXRD spectroscopy 
 

Figure 5.7 demonstrates the PXRD curves of the woollen cloth sample before and after 

proline immobilisation. They have a broad diffraction peak centre at 2q =10 and 20° 

which are the characteristic position of woollen fibre. These results are consistent with 

the previous research [12], the characteristics of untreated wool appearing in wide peak 

diffraction at 2q of 20° with a  significant change when treated with TiO2 (many sharp 

peaks appear). However, unlike wool fibre immobilised with proline, they show only 

slightly significant changes in Wool-Pr (as Figure 5.8). It is understandable because 

TiO2 is a pure crystalline material. In contrast, proline is semi-crystalline and also 

proline’s backbone is naturally more rigid than that of other amino acids, it can stabilise 

specific kinks in the protein and consequently the overall protein [13]. For woollen 

catalyst, it has sharper peaks on both of them, indicating that the Wool-Pr has better 

crystallinity than un-immobilised wool. 
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Figure 5.8 PXRD patterns of woollen cloth before and after L-proline immobilisation 
 

 

5.3.1.5 Thermogravimetric Analysis (TGA) 
 

The thermal stability of the Wool-Pr catalysts was appraised by Thermogravimetric 

Analysis (TGA). Figure 5.9 describes the percentages of mass losses of woollen cloth 

before and after proline immobilisation onto the wool. Overall, the woollen cloth after 

proline immobilisation has a better heat decomposition temperature and mass losses 

lower than pristine wool. The percentages of mass losses are 67.2, and 65.4 % for 

untreated woollen cloth and proline immobilised woollen cloth, respectively. An initial 

mass loss (up to 120 °C ) was observed in both samples, attributed to the dehydration 

of the solvent (methanol and dichloromethane) during amination of wool, 13.2  and 

17.4 % residual weight loss for the unmodified woollen cloth and proline modified 

samples, respectively. After being immobilised with proline, the heat decomposition 

temperature increases from 200 to 250 °C, creating more thermally stable wool fibre. 

As a result, the end temperature increases from 366.4 to 391.5 °C. This end temperature 

shift may be caused by proline and ethylene diamine's presence during the wool 

amination process. 

 
This result is in line with previous studies of modified wool fibre with tetrabutyl titanate 

where the onset temperature of the decomposition temperature increased in treated 

wool, with an increase in temperature change from 222 to 237.6 °C, in contrast to the 

end set temperature declined between untreated wool against treated wool sequentially 

from 374.4 to 333.5 °C [3, 14]. 
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Figure 5.9 TGA patterns of woollen cloth before and after L-proline immobilisation 

 

 

5.3.1.6 Leaching test and chemical stability  

Figure 5.10 shows the results of the Wool-Pr catalyst leaching test, which is described 

as conversion vs time. Periodic analysis of the solution mixture without a catalyst shows 

a constant conversion value up to 60 minutes. It indicates that there is no proline apart 

from the support material. 

 

 

 

 
Figure 5.10 Leaching test for Wool-Pr catalyst 
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5.3.2 Determining the optimum parameters of the aldol 
reaction in a conventional reactor  

 

All aldol reactions used 4NBA as an aldehyde for model substrate and an excess of 

acetone as a nucleophile. Different parameters were extensively screened, such as 

solvent, L-proline loading and temperature in stirred tank reactor (batch reactor) to have 

the optimum reaction condition. The aldol reaction in the batch reactor was carried out 

for 600 minutes, either catalysed by L-proline or Wool-Pr.  

 

 

 

 
 
 

Figure 5.11 Asymmetric aldol reaction of 4NBA-acetone  

 

 

Figure 5.11 shows the asymmetric aldol reaction scheme. The products of asymmetric 

aldol reaction were confirmed by various spectroscopic data and by comparing their 

HPLC retention time with reported literature. 

 

 

5.3.2.1  Solvent influence  
 

Table 5.2 shows the influence of different solvents on the conversion and the 

enantiomeric excess conducted on various solvents (chloroform, ethanol, DMSO, 

DMF, toluene and dichloromethane), at a constant temperature and constant L-proline 

loading (45 °C and 20 mol% of L-proline). Generally, the aldol reaction was successful 

in many organic polar solvents. In the reactions with DMSO and other organic solvents 



Chapter~5 Wool-Pr catalyst 
 

 
 

175 

except for toluene (Table 5.2, entries 1-5), aldol product 3 and aldol condensation 

product 4 were formed (Figure 5.10). Bearing in mind that the solvent system like to 

be in aprotic solvent ambient, the catalytic activity will rise as the reaction temperature 

declines. This is consistent with DFT (Density Functional Theory) calculation [15, 16] 

which have shown that the energy barrier to complexation between acetone and proline 

is 171.4 kJ mol−1, but this is reduced to 40.7 kJ mol−1 in the presence of excess DMSO 

at 25 °C. DMSO was considered the most suitable solvent among the solvents, even in 

modest conversion and enantioselectivity (entry 2). It possibly happened because of the 

nature of the batch reactor in higher temperature and insufficient immobilised L-proline 

(20 mmol%) onto the support material. Besides, the solvent with a low polarity index 

will less strongly attract polar molecules from the polarity term. It is why toluene and 

DCM have a modest result in catalytic activity and selectivity. Therefore, L-proline 

loading and temperature screening will be conducted in further experiments to ensure 

the optimum conditions for the Aldol reaction using this Wool-Pr catalyst. 

 
A slight difference is observed in the enantioselectivity of toluene (Table 5.2, entries 

6); although there is no transformation into aldol product, the reaction required a longer 

reaction time. The observed compound is only the elimination/condensation product 

and the remaining starting reactant.  

 

 

Table 5.2 Effect of solvent on conversion and enantiomeric excess (ee) of the aldol 
reaction catalysed by Wool-Pr in a conventional reactor 

 
 

Entry 
 

 
Solvent 

 
Conversion (%) 

 
ee (%) 

1. DMF 32 35 

2. DMSO 40 42 

3. CHCl3 21 24 

4. DCM 15 20 

5 Ethanol 25 27 

6. Toluene 10 -- 

Reaction condition: 45 °C, 10 hours, 20 mmol% of L-proline 
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From the perspective of hydrophobicity/hydrophilicity, it can be seen that the more 

polar (good hydrophilicity) of the solvent, the higher the reaction kinetics are. This is 

because the reaction proceeds more efficiently in hydrophilic polar solvents.  

 

 

5.3.2.2  L-proline loading influence  
 

Figure 5.12 shows the effect of L-proline loading on conversion and enantiomeric 

excess performed under DMSO solvent, at 45 °C and on the various concentration of 

L-proline (10, 20, 30 and 40 mmol%) in a batch reactor. The graph shows that using L-

proline of 10 mmol% resulted in the lowest conversion and ee. Interestingly, using 30 

mmol% of L-proline gave higher conversion and enantioselectivity than 40 mmol% of 

L-proline. This phenomenon can be explained by adopting 40 mmol% of L-proline, the 

pores become saturated with proline so that the reactants are unable to diffuse well into 

the active centre of the catalyst. 

 

 

 

 

 

 
(a) (b) 

 

Figure 5.12 Effect of L-proline loading on (a) conversion and (b) enantiomeric excess 
(ee) 
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5.3.2.3  Temperature influence  
 

Further tests focused on the influence of temperature on the performance of the catalyst 

system both in terms of 4NBA conversion and product selectivity. Based on the 

optimisation of solvent and L-proline loading, this investigation employed 30 mmol% 

of L-proline under DMSO solvent using temperature options at room temperature (25 

°C) and at 45 °C. The kinetic catalyst results are summarised in Figure 5.13. It shows 

that the conversion of  4-nitrobenzaldehyde, which converts to the product, slightly 

higher at 25 °C compared to 45 °C. Therefore, conversion of the product at 25 °C is 

higher than at 45 °C. Whereas, ee at 25 °C is higher than at 45 °C which might be 

attributed to a simple explanation as low temperature caused higher enantioselectivity, 

because of the more significant amount of chiral product at a lower temperature 

compared to its dehydrated aldol product (elimination product) as it is attained on the 

previous published [17]. They examined the influence of temperature on the enolisation 

following the aldolisation, which was found that lowering the temperature would 

achieve higher selectivity (syn/anti, 90:10). Otherwise, they noticed that increasing the 

enolisation-aldolisation temperature would attain lower selectivity, provided 88:12 

syn/anti ratio. 

 
Overall, the optimised conditions reported for the Wool-Pr catalysed aldol reaction 

between ketone donors and aldehyde acceptors typically require 30 mmol% of 

immobilised L-Proline and a significant excess of ketone in anhydrous DMSO at 25 °C. 

 

 

Conversion 

 
(a) 

ee 

 
(b) 

 
Figure 5.13 Effect of temperature on conversion and enantiomeric excess (ee)  
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After obtaining optimum conditions for the aldol reaction using a new catalyst, the 

catalyst performance is compared with the original homogeneous catalyst (L-proline) 

in the same reaction condition.  

 
Table 5.3 compares the new catalyst as a heterogeneous catalyst (Wool-Pr) with the 

homogenous one (L-proline) in a batch reactor. Aldol reaction performed at the reaction 

conditions: the temperature at 25 °C, L-proline loading of 30 mmol%, under DMSO 

solvent and the aldol reaction completed after 480 min in the course for 600 min using 

batch reactor. From these experiments, it can be deduced that the performance of the 

new catalyst (Wool-Pr) in a batch reactor is lower than L-proline. The homogeneous 

catalyst conversion is up to 85%, while the heterogeneous catalyst conversion (Wool-

Pr) reaches up to 64% after 8 hours. The HPLC chromatogram of racemic and chiral 

aldol products are presented in Chapter 5.5 Supporting information, section 5.5.2 and 

5.5.3 Figure 5.22 and 5.23. 

 

 

5.3.3 Determining the optimum parameter of the aldol 
reaction in an SMDR 

 

The Wool-Pr catalysed aldol reaction observed in this research is schematically shown 

in Figure 5.14.(a), and the total proposed mechanism reaction is depicted in Figure 

5.14(b). Although the total reaction is simple, there are three steps: initial dehydration 

condensation reaction and final hydrolysis reaction. (S)-4-Hydroxy-4-(4-

nitrophenyl)butane-2-one, 3 is the major product in the Wool-Pr catalyst system using 

4-nitrobenzaldehyde, 1 in the presence of acetone, 2. The side product, which is well 

known as an elimination product, 4 also observed during the course. The spectroscopic 

data were in agreement with the published data [18]. In this reaction, acetone reacts 

with L-Proline to generate a chiral enamine, activating the aldehyde carbonyl bond, 

leading to mainly (s) asymmetric configuration centre as an aldol product. The aldol 

addition product is subsequently hydrolysed to form a,b-unsaturated aldehyde whereby 

the proline catalyst is released.  
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(a) 

 

 
 

(b) 
 

Figure 5.14 Proposed mechanism of the asymmetric aldol reaction catalysed 
by Wool-Pr 

 

 

Two parameters were investigated to establish the experiment in SMDR using Wool-

Pr catalyst, i.e. spinning disc speed and feed volumetric flowrate. Both of those 

parameters affected the maximum desired aldol reaction result using 4-NBA. 

Therefore, the heterogeneous catalyst (Wool-Pr) results will be compared to that 

homogenous one (L-proline).  

 
The kinetic curve of the 4-nitrobenzaldehyde transformation to b-hydroxy aldehyde in 

spinning mesh disc reactor (SMDR) catalysed by L-proline were also performed. The 

results are shown in Figure 5.15 with outstanding activities and selectivity were 

achieved.  
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5.3.3.1  Effect of feed volumetric flowrate  
 

The first influence which can affect the kinetic and selectivity is the feed volumetric 

flow rate of the reactant mixture. The influence of feed volumetric flowrate was 

summarised in Figure 5.15. The course was performed under the conditions of the 

optimal reaction parameters observed in previous experiments (25 °C, DMSO, 30 

mmol% of immobilised proline). Three feed flowrate investigated to obtain the optimal 

conversion and enantioselectivity were 2, 3 and 4 mL/s for 60 minutes observation at a 

spinning speed of 250 rpm. Interestingly, indifference to the batch reactions only took 

15 minutes to complete the reaction for Wool-Pr. 

 

 

Wool-Pr 

 

L-proline 

 
(a) (b) 

Wool-Pr 

 

L-proline 

 
(c) (d) 

 
Figure 5.15 Influence of inlet flowrate on conversion and ee at a constant rational 

speed of 250 rpm 
 

 

It can be seen from Fig. 5.15(a) that the conversion increase is in line with the increase 

in flow rate; the more the inlet flowrate raise, the higher the conversion will be. From 

the three-volume speeds tested, it can be deduced that the optimal feed flowrate, which 
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resulted in the maximum conversion and selectivity, is 4 mL/s using either Wool-Pr or 

L-proline. Compared to L-proline, Wool-Pr significantly difference in both 

conversion(a) and selectivity(c). Wool-Pr conversion is up to 55 % and 74 % using L-

proline. Besides affecting conversion, the inlet flow rate also affects the product 

compounds selectivity (Wool-Pr resulted in ee up to 75,5 %). 

 

5.3.3.2  Effect of spinning disc speed  
 

Figure. 5.16 describes the influence of the spinning disc speed on the conversion and 

ee, both in 60 min reaction. As expected, the 4NBA conversion increased with an 

increase in spinning disc speed. The optimum spinning disc speed yielded the 

maximum conversion and selectivity at 450 rpm for 60 min. While so that resulted in a 

better mixing between reactants and catalysts [19, 20]. 

 

 

Wool-Pr 

 

L-proline 

 
(a) 

 

(b) 

Wool-Pr 

 

L-proline 

 
(c) (d) 

 
Figure 5.16 Influence of spinning disc speed on conversion and ee at a constant feed 

flow rate of 4 mL/s. 
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Both Wool-Pr and L-proline catalysts give an impressive confirmation of the effect of 

the disc rotational speed on the mixing effectiveness by operating at 450 rpm. It can be 

seen clearly, the highest conversion and enantioselectivity of the Wool-Pr and L-proline 

is when the spinning disc speed ran at 450 rpm (up to 84 %, 99 % for conversion of 

Wool-Pr and L-proline respectively. Up to 88 %, 98% for ee of Wool-Pr and L-proline 

respectively) within 60 minutes reaction. 

 

5.3.4 Reusability of the Wool-Pr catalyst in a conventional 
reactor 

 
Eventually, the reusability and recovery of the cloth catalyst (Wool-Pr) were examined. 

The most crucial advantage of heterogeneous catalysis over its homogeneous 

counterpart is a high increase of the complex stability in the reaction media and the 

possibility of reusing the catalyst after reaction by simple washing. After the 

asymmetric aldol reaction between 4-nitrobenzaldehyde and acetone, the textile 

catalyst was recovered by simple treatment, which was to wash it with ethanol (3X20 

mL) to remove any residue that had adhered onto the textile catalyst, and then oven-

dried at 60 °C for 4 hours. The recycled textile catalyst was reused directly in the next 

cycle without additional treatment. The efficiency of the recovered catalyst was 

measured again using the same model reaction. Figure 5.17 summarise recycling of a 

new catalyst (Wool-Pr) performed in batch reactor in 5 cycles. A significant decrease 

occurred for conversion and enantioselectivity after the 4th round.  

 

 
 

Figure 5.17 Reusability of the Wool-Pr catalyst in a conventional reactor 
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5.3.5 Residence Time Distribution (RTD) of the aldol 
reaction in an SMDR  

 

RTD analysis was employed to investigate the flow characteristics on and within the 

spinning mesh disc. The equipment setup is the same as described in the previous 

section. A methylene blue colour was chosen as the tracer due to its good solubility in 

water. For each run, the methylene blue was fed onto the spinning mesh disc until the 

blue colour reached the edge of the disc. Time observation starts from the first time the 

coloured liquid reaches the centre of the spinning mesh disc until it spreads to the edge 

of the disc. It can be observed from Figure 5.18 that as the rotational speed increased from 

100 rpm to 400 rpm, the mean residence time distribution decreased. Typically, the high 

rotational speed leads to a thin film state of the liquid, and the film thickness profile 

begins to flatten at higher rotational speeds, providing enhanced mixing in the SDR. 

Thus, for the current system, it is possible that the mixing intensity does not increase 

much beyond the optimal disc speed because the effect on the film thickness is reduced. 

 

 

 
 

Figure 5.18 Effect of rotational speed on Residence Time Distribution (RTD) 
 

 

The same trend can be seen in Figure 5.19, that with an increase in feed flow rate from 

1 ml/s to 4 mL/s, the mean significantly decrease. An increase in flow rate produces 

higher shear in the film and more surface ripples and hence better mixing between two 

reactant solutions, leading to uniform and homogeneous distribution of the reaction 

zones which is responsible for the decrease of residence time distribution (RTD). Both 
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of these disc speed effects are expected to lead to improved micromixing in the film, as 

has recently been demonstrated experimentally by Jacobsen et al. (2012). It was clearly 

showed that the shortest micromixing time is achieved at highest rotational speed and 

flow rate [25, 26]. Typically, the enhanced mixing conditions in the SDRs are attained 

in the presence of thin highly sheared liquid films which reveal numerous waves or 

surface instabilities [26]. In addition, the texture of the disc surface has been shown to 

govern the hydrodynamic characteristics of the film such as its residence time 

distribution and intensity of surface wave formation resulting in a marked enhancement 

of film transport properties [28]. 

 
Earlier studies by Iso and Chen on gravitational film flow on inclined surfaces have 

indicated that rivulet flow may be effectively overcome on textured surfaces, thus 

proving the opportunity for more continuous films to form and propagate across such 

surfaces and resulting in generally thinner films with better surface coverage [32]. 

However, the intensifying effects of the grooved disc in their investigation may be 

unrelated to the ability of the Wool-Pr to create more steady, continuous film flow than 

the smooth disc. As it can be seen from Figure 5.18 and 5.19 the RTD in the Wool-Pr 

is longer than in smooth disc. It is probably due to the fluid not only create a film on 

the wool surfaces but also need more time to travel within the wool thickness. Similar 

observations also occurred in research conducted by Xu Dong Feng and co-workers 

(2014) where the residence time distribution using spinning disc cloth (wool-enzyme 

catalyst) was longer than RTD only with glass spinning disc (without cloth) [33]. 

 

 

 
 

Figure 5.19 Effect of feed flowrate on Residence Time Distribution (RTD) 
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5.4 Summary 
 

A relatively simple route has successfully synthesised L-proline-functionalised wool. 

This new route could be an economical and green step towards chiral catalysts in 

general and solid-supported proline catalysts in particular. Through a series of catalyst 

material identification, it was observed that L-proline grafting could be done through 

immobilisation with the aminated wool. It was observed chemically and physically 

proved as a remarkable asymmetric heterogeneous catalyst. Wool-Pr has proven an 

effective asymmetric aldol reaction as a new heterogeneous catalyst. It allows the use 

of stoichiometric amounts of both the ketone donor and the aldehyde acceptor, thereby 

improving the overall economy of the process. The catalyst could be easily separated 

without filtering like other immobilised catalysts previously. As it is a woollen cloth 

disc, it only needed to be taken from the spinning disc (glass material) and washed. 

Reusability of a new catalyst (Wool-Pr) for up to 5 cycles without any significant 

decrease in conversion and enantioselectivity and obtaining both excellent conversion 

and ee.  

 
The RTD study shows that an increase in rotational speed and feed flow rate causes an 

exponential decrease in RTD, giving better mixing and mass/heat transfer 

enhancement. 

 
Interestingly, aldol reactions with an excess of ketone are also improved without adding 

the additives. It clearly showed that the SMDR is an intensified device for obtaining an 

excellent kinetics profile and selectivity compared to the batch reactor approach, whose 

conversion and enantioselectivity are moderate to good.  

 
Studies on the effect of SMDR parameters on residence time show that changes in 

parameters (disc rotation speed and reactant flow volume velocity) impact the resident 

time distribution. The higher the SMDR parameter, the shorter the residence time in the 

fabric catalyst.  
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5.5 Supporting information 
 
5.5.1 HPLC chromatogram of the starting material, 4-

nitrobenzaldehyde 
 

 

 
 

Figure 5.20 HPLC chromatogram of starting material, 4-nitrobenzaldehyde 
 

 
5.5.2 HPLC chromatogram of the racemic aldol product  
 

 
 

Figure 5.21 HPLC chromatogram of the aldol product racemic mixture 
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5.5.3 HPLC chromatogram of the chiral aldol product 
after 9 min reaction in an SMDR 

 

 
 

 
Figure 5.22 HPLC chromatogram of the chiral aldol product after 9 min reaction in 

SMDR 
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Chapter~6  
 

Wool-Zr-MOF-S30Pr, a Novel Heterogeneous 

Catalyst for Process Intensification of the 

Aldol Reaction in a Spinning Mesh Disc 

Reactor (SMDR) 
 

 

 

6.1 Introduction 
 

In recent years, immobilised organocatalysts have been maximised in continuous 

reactors to provide better conversion and enantioselectivity of similar reactions carried 

out in conventional reactors. However, many researchers have not carried out the 

application of a spinning disk reactor for the immobilised organocatalyst. For example, 

Celentano and co-workers performed the first continuous-flow organocatalysis Diels-

Alder reaction [1]. A chiral "homemade" HPLC column was employed, filled with a 

silica-supported MacMillan's catalyst. This methodology is efficient and selective for 

the asymmetric reaction between β-unsaturated aldehydes and cyclopentadiene (yield 

= >95%, 85% ee ). However, the resulting resident time is still quite long, namely 10 

hours. 

 
Therefore, it is necessary to investigate further the application of immobilised 

organocatalysts in the intensified Spinning Disc Reactor, which is known to have 

advantages in terms of mixing involving good mass and heat transfer [2-6]. 

 
This chapter combines the advantages of MOF and wool as a support material for 

proline to be applied to spinning disc-based reactors. With the benefits of spinning disc 

properties for efficient organic reactions discussed in the previous chapter, this chapter 
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will incorporate proline immobilisation on MOF and wool. This idea arose after 

studying the success of Ozor et al. (2015) in growing Ln-MOFs (Ln ¼ Eu, Gd, and Tb) 

directly on cotton fibres with potential applications as protective clothing and textile-

based sensors [7].  

 
In this regard, the results of Wool-Zr-MOF-S30Pr synthesis will be explained, including 

the chemical and physical characteristics of the product. Furthermore, the kinetics of 

new catalysts on aromatic aldehydes and their chemical selectivity will be presented in 

this section. Indeed, after knowing the optimum reaction conditions from screening 

various rotational speeds and the feed materials' flow rates. Furthermore, the 

recyclability of the new catalyst is also displayed to confirm that the organocatalyst 

immobilisation process is successfully carried out and the objectives of homogeneous 

and heterogeneous catalyst integration are achieved to support process intensification 

in SMDR. 

 

 

 

6.2 Materials and experimental procedures 
 

The experiment was carried out in 3 parts, including the synthesis of the Wool-Zr-

MOF-S30Pr catalyst, characterisation of the Wool-Zr-MOF-S30Pr catalyst, and 

performance evaluation of the Wool-Zr-MOF-S30Pr catalyst. 

 

6.2.1 Materials 
 

All chemicals and materials were purchased from standard chemical suppliers, and all 

reagents were used as received. Glassware was oven dried as required and cooled 

without any pressure of certain gas. The unbleached woollen fibre was purchased from 

Trelisko (Otago, New Zealand). Reagents for woollen fibre pre-treatment are hydrogen 

peroxide (H2O2, Sigma-Aldrich ) and sulphuric acid (H2SO4, Sigma-Aldrich). Sodium 

borohydride (NaBH4, Sigma-Aldrich) for nucleophilic addition of carbonyl. N, N-

dimethylformamide (DMF, 99.9%) was purchased from Aldrich. Terephthalic acid 
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(H2bdc) and sulfonated terephthalic acid (H2bdc-SO3Na) were obtained from Acros 

Organics, and zirconium propoxide, Zr (OnPr)4 was obtained from Sigma-Aldrich 

(≥95%). 99.5% pure Acetic acid (CH3COOH) was obtained from Sigma-Aldrich. In 

addition, 4-nitrobenzaldehyde was obtained from Sigma-Aldrich ≥98%. 4-

hydroxyproline was bought from Sigma-Aldrich. Sodium silicate and sodium sulphite 

from Sigma-Aldrich. The reagents used for immobilisation preparation were di-

isopropyl carbodiimide (DIC, Sigma-Aldrich, 99.7%), ethanol (Sigma-Aldrich, 99%), 

isopropanol (Sigma-Aldrich, 99.5%), hexane (Sigma-Aldrich, 97%). Deionised water 

was obtained from an ELGA Maxima Ultra purifier system. 

 

 

6.2.2 Procedure for synthesising Wool-Zr-MOF-S30Pr 
catalyst 

 

The procedure for the synthesis of Wool-Zr-MOF-S30Pr consists of three steps: wool 

pre-treatment, nucleophilic addition reaction of wool surface functional groups by 

sodium borohydride, and MOF growth on wool while grafting proline into wool 

through occupying defects that may occur in the MOF framework [8]. The purpose of 

the experiment in this section is to immobilise proline into the wool as the MOF 

framework grows on the wool fabric surface. Furthermore, the new catalyst was applied 

to support the intensification of the Aldol reaction in the SMDR. 

 

 

6.2.2.1 Procedure for wool pre-treatment  
 

Hydrogen peroxide (H2O2, 30 %, 200 mL) was suspended in the wool fibre (dia 25 cm) 

in a round glass chamber (dia >=25 cm) and stirred at 55 °C for 70 minutes. Afterwards, 

the woollen fibre was rinsed with deionised tap water to remove the excess hydrogen 

peroxide and dried in the open air for 1 hour. The unwaxed woollen fibre was then 

oxidised with 20 ml of sulphuric acid (0.05 M) for 15 minutes at room temperature. 

Finally, the produced textile was rinsed with deionised tap water, followed by drying 

in the open air until no more drop of liquid from the textile. 
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6.2.2.2 Procedure for nucleophilic addition by sodium borohydride 
 

Sodium borohydride (NaBH4, 0.5 M) was suspended in the wool. Then, 0.1 M NaOH 

was added to the woollen cloth in two to three aliquots over 30 minutes at 25 °C so that 

the final concentration of NaBH4 became 0.1 M. The fabric was dried in the open air 

and followed in an oven drying at 60 °C for 4 hours. 

 

 

6.2.2.3 Procedure for Zr-MOF-S30@RT synthesis 
 

Zirconium propoxide (0.2263 mmol) was added to the solution mixture of isopropanol 

(0.158 mmol), DMF (7 mL) and acetic acid (4 mL). The solutions were heated at 130 

°C for 2 hours. As a result, the solution will change from colourless to yellow pale. 

Finally, the solution mixture was cooled until it reached room temperature (the A-

solution). Then, S-bdc and bdc were added (0.45 mmol in a ratio of 30% s-bdc and 70% 

bdc). The mixture solution was stirred at 200 rpm for 18 hours at 25 °C and decanted 

at 6000 rpm for 15 minutes to obtain the crystalline powder. Next, the crystalline 

powder was washed with DMF (3x5 mL). The solvent exchange was done by adding 

ethanol to the mixed solution and leaving it overnight and each time for changing, using 

the new ethanol for the subsequent washing, followed by vacuum heating at 80 °C for 

4 hours. 

 

 

6.2.2.4 Procedure for Wool-Zr-MOF-S30Pr synthesis 
 

Growing MOF on fibre was initiated by dissolving the metal ion of zirconium 

propoxide (4.526 mmol) into the solution mixture of isopropanol (3.16 mmol), DMF 

(140 mL) and acetic acid (80 mL). The solutions were heated at 130 °C for 2 hours. As 

a result, the solution will change from colourless to yellow pale. Finally, the solution 

mixture was cooled until it reached room temperature (the A-solution). The A-solution 

was poured on the 25 cm diameter woollen fibre inside the round chamber. First, S-bdc 

and bdc were added (9 mmol in a ratio of 30% s-bdc and 70% bdc), followed by adding 

trans-4-hydroxy-L-proline (25 mmol), acetic acid (120 mL) and dropwise DIC (2.10 



Chapter~6 Wool-Zr-MOF-S30Pr catalyst 
 

 
 

195 

mL). The solution mixture was stirred at 200 rpm for 1-5 days at 25 °C. The wool-

crystalline result was washed with DMF (3x25 mL). The solvent exchange was done 

by adding ethanol to the mixed solution, leaving it overnight, and changing it with the 

new ethanol for subsequent washing, followed by heating at 60 °C for 24 hours.  

 

 

6.2.3 Procedure for characterising the physicochemical 
properties of Wool-Zr-MOF-S30Pr catalyst 

 

These experiments aim is to assess the chemical and physical characteristics of Zr-

MOF-S30Pr@RT and Wool-Zr-MOF-S30Pr using a series of analytical methods such as 
1H_NMR, N2 physisorption, FTIR, PXRD, XPS and TGA. All the procedures for 

material characterisation can be found in Chapter-3, section 3.3. 

 
Characterisation of wool. Unmodified wool was characterised by FTIR, XPS, SEM-

EDX, TGA and PXRD (see the general method in sub-chapter 3.3). 

Characterisation of MOF-S30@RT. MOF@RT was characterised using NMR, PXRD, 

FTIR, BET, SEM-EDX and XPS (see the general method in sub-chapter 3.3). 

Characterisation of Wool-MOF-S30Pr. Characterisation of the Wool-Zr-MOF-S30Pr 

can be done using PXRD, FTIR, SEM-EDX, TGA, leaching test, chemical stability and 

XPS (see the general method in sub-chapter 3.3). 

 

 

6.2.4 Procedure for determining the optimum parameters 
of the aldol reaction in a spinning mesh disc reactor 
(SMDR) 

 

The surface morphology of the rotating disc determines the difference in response to 

the application of substrate flow rate and rotational speed. Therefore, it is necessary to 

screen both parameters using a different fabric catalyst modification and the new Wool-

Zr-MOF-S30Pr heterogeneous catalyst. This section describes screening two parameters 

(disc rotational speed and substrate flow rate) to find the optimum conditions for the 

Aldol reaction in SMDR. Furthermore, the screening results of the two parameters were 

used to observe the maximum performance of the Wool-Zr-MOF-S30Pr catalyst and 
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investigate the recycling. Finally, using the experimental facility in Chapter 3, the 

courses mentioned above were carried out.  

 

 

6.2.4.1 Feed flowrate influence  
 

A series of feed flow rates (2 mL/s, 3 mL/s and 4 mL/s) was employed at a constant 

spinning disc speed of 250 rpm using Wool-Zr-MOF-S30Pr.  

 
The aldol reaction was begun from the reactant reservoir. Acetone (40 mL) and DMSO 

(160 mL) were added to the 250 mL glass container equipped with a magnetic stirrer. 

All electrical contacts (spinning disc controller/250 rpm, an appropriate peristaltic 

pump as mentioned above and stirrer regulator in the reservoir/300 rpm) were turned 

on at 25 °C for 15 minutes. Afterwards, 4-nitrobenzaldehyde (20 mmol), H2O (0.025 

M) and naphthalene (0.01 M) were added to the reservoir. This is the point to start 

counting the reaction time. 0.3 mL of sample was taken at 0 minutes and continued 

every 3 minutes for the first 21 minutes. After that, sampling was continued every 5 

minutes until the last 60 minutes. The crude product was then analysed using HPLC 

after being extracted with ethyl acetate/water and centrifuged for 15 min at 14000 rpm 

to concentrate undesired compounds that went down to the vial's bottom and transfer 

the supernatant to the HPLC vial. Parameters used for this experiment were as follows: 

UV-wavelength was 254 nm, the analyte flow rate was 1 mL/min, mobile phase used 

was hexane/Isopropanol in a ratio of 80:20. 

 

 

6.2.4.2 Spinning disc speed influence 
 

An appropriate spinning mesh disc speed (250, 450, 650 and 850 rpm) was applied to 

the 4-NBA transformation using the new catalyst. In addition, the experiment was 

conducted at a constant feed-flowrate of 4 mL/s as this was the optimal feed-flowrate 

resulting from the previous experiment. 

 
Acetone (40 mL) and DMSO (160 mL) were added to the 250 mL glass container 

equipped with a magnetic stirrer. All electrical contacts (spinning disc controller at an 
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appropriate speed mentioned above, a constant feed flow rate of 4 mL/s and stirrer 

regulator in the reservoir/300 rpm) were turned on at 25 °C, for 15 minutes. Afterwards, 

4-nitrobenzaldehyde (20 mmol), H2O (0.025 M) and naphthalene (0.01 M) were added 

to the reservoir. This is the point to start counting the reaction time. 0.3 mL of sample 

was taken at 0 minutes and continued every 3 minutes for the first 21 minutes. After 

that, sampling was continued every 5 minutes until the last 60 minutes. The crude 

product was then analysed using HPLC after being extracted with ethyl acetate/water 

and centrifuged for 15 min at 14000 rpm to concentrate undesired compounds that went 

down to the vial's bottom and transfer the supernatant to the HPLC vial. The HPLC 

parameters used for this experiment were as follows: UV-wavelength was 254 nm, the 

analyte flow rate was 1 mL/min, mobile phase used was hexane/Isopropanol in a ratio 

of 80:20. 

 

 

6.2.5 Procedure for Wool-Zr-MOF-S30Pr catalyst 
reusability in a Spinning Mesh Disc Reactor (SMDR) 

 

The experiment aims to observe the possibility of the Wool-Zr-MOF-S30Pr catalyst 

being recycled as a heterogeneous catalyst.  

 
In a 250 mL glass container, 40 mL acetone and 160 mL DMSO were added. The 

magnetic stirrer was put into the substrate container. All electrical contacts (spinning 

disc controller at 450 rpm, feed flow rate at 4 mL/s) were turned on at 25 °C for 15 

minutes. Afterwards, 4-nitrobenzaldehyde (20 mmol), H2O (0.025 M) and naphthalene 

(0.01 M) were added to the reservoir. This step is the point to start counting the reaction 

time. 0.3 mL of sample was taken at 0 minutes and continued every 3 minutes for the 

first 21 minutes. After that, sampling was continued every 5 minutes until the last 60 

minutes. The crude product was then analysed using HPLC after being extracted with 

ethyl acetate/water and centrifuged for 15 min at 14000 rpm to concentrate undesired 

compounds that went down to the vial's bottom and transfer the supernatant to the 

HPLC vial. The HPLC parameters used for this experiment were as follows: UV-

wavelength was 254 nm, the analyte flow rate was 1 mL/min, mobile phase used was 

hexane/Isopropanol in a ratio of 80:20. 
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After running for a circle, the Wool-Zr-MOF-S30Pr was unattached from the glass 

spinning disc and then washed with ethanol (3x25 mL), dried in the open air for 4 

hours and oven-dried at 60 °C for 4 hours. The catalyst then was ready for the 

following aldol reaction. 

 

 

 

6.3 Results and discussion 
 

The functionalisation of 4-hydroxy-L-proline onto wool and MOFs have grown 

simultaneously on the wool surface, resulting in a heterogeneous catalyst entitled Wool-

Zr-MOF-S30Pr. The reliability of the material has been characterised by its 

physicochemical properties through a series of analytical tests, and the outcomes are 

described in this section. In addition, the results of the catalyst performance evaluation 

in SMDR and conventional reactors are also presented in this section. 

 

 

6.3.1 Physicochemical properties of Wool-Zr-MOF-S30Pr 
catalyst  

 
6.3.1.1 1H NMR spectroscopy of Zr-MOF-S30Pr@RT  
 

Zr-MOF-S30Pr@RT or UiO-66-S30Pr@RT is a zirconium-based MOF synthesised at room 

temperature (25 °C). The proposed mechanism of Zr-MOF-S30Pr@RT immobilisation is 

presented in Figure 6.1, and the spectroscopic data of 1H NMR of Zr-MOFS30-Pr@RT is 

shown in Figure 6.2. 

 
Figure 6.1 describes the steps of the catalyst synthesis mechanism, starting with the 

pre-treatment of wool cloth (a), which has a functional group of C=O, N-H, -COO- and 

bisulfide bond connecting two molecules of fibres. Then, in the alkali hydrogen 

peroxide solution, bisulfide bond was fragmented and oxidised with sulfonic acid to 

form the -SO3H functional group (b). Next, NaBH4 is added to make the reduction of 

carbon-oxygen double bond (C=O), to become an active hydroxyl group (-OH), (b). 



Chapter~6 Wool-Zr-MOF-S30Pr catalyst 
 

 
 

199 

Finally, the immobilisation process was started by building a framework of zirconium 

and linker (bdc and s-bdc) called S BU (system building unit) under DMF solvent, 

followed by grafting trans-4-hydroxy-L-proline using coupling reagent of N,N-

diisopropyl carbodiimide (DIC). The final result of Wool-Zr-MOF-S30Pr is presented 

in Figure 6.1.d, and the physical overview of the Wool-Zr-MOF-S30Pr catalyst is as in 

Figure 6.1.e. 

 

 

 

 
 

Figure 6.1 Proposed mechanism of 4-hydroxy-L-proline/Zr-MOF-S30Pr@RT 
immobilisation onto woollen cloth 

 

 

Figure 6.2 describes the 1H NMR spectra of the Zr-MOF-S30Pr@RT, representing Wool-

Zr-MOF-S30Pr. In its 1H NMR, three doublets at δ 8.09, 7.70 and 7.02 ppm integrating 

three protons in the aromatic ring represent aryl protons from s-bdc of the MOF. The 

chemical shift at δ 7.74 ppm corresponds to aryl protons from bdc of the MOF 

corresponding to the previous research from Kyungsu Na et al. (2014) [9] that appear 

at δ 8 ppm for bdc. Also, the presence of a prominent peak at δ 4.25 ppm attributed to 

deionised water from sample digestion solution, at δ 2.5 ppm signed of DMSO-d6 

(NMR solvent) and at δ 2.4 ppm is a signal for the acetic acid terminating group, and 

these peaks are similar to the reference [9]. The presence of the peaks at 2.73, 2.88 and 
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8.31 indicated that there was part of DMF may be remained in the cage, and it is in line 

with the report from David J. Lun and co-workers (2011) that DMF observed in the 

spectra of IRMOF-Pro which persist even following prolonged drying [10]. While the 

peaks at 2.73, 2.89 and 8.32 are due to DMF, which may be trapped in the cage, they 

are still in line with David's results [10]. The two sets of triplets at δ 1.68 ppm and 3.24 

ppm correspond to the b- and a-protons to the secondary nitrogen of proline which are 

supported by the multiplet at δ 2.00 ppm correspond to aromatic-NH of proline. The 
1H_NMR spectrum confirmed that proline had been incorporated into the MOF with the 

main possibility of occupying the defect. It has been rationalised from the previous 

reports that modulators not only regulate the pore size and morphology of the crystals 

[11, 12], but also promote the formation of defects [13-15], which in turn allows the 

sophisticated tuning of the porosity, stability and catalytic reactivity [16].  

 

 

 

 
 

Figure 6.2 1H NMR spectra of Wool-Zr-MOF-S30Pr 
 

 

6.3.1.2 BET surface area of Zr-MOF-S30Pr@RT  
 

N2 adsorption isotherm pattern of Zr-MOF-S30Pr@RT is presented in Figure 6.3. (a), 

and a comparison of the BET surface area of the MOFs synthesised at 120 °C and at 25 
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°C are shown in Figure 6.3. (b). The BET surface area for UiO-66, UiO-66-S30, and 

UiO-66-S30Pr synthesised at RT only slightly decreases from the MOF synthesised at 

120 °C. For example, the UiO-66-S30Pr@RT BET surface area is 957 m2/g, slightly 

reducing from the UiO-66-S30Pr (synthesised at 120 °C) BET surface area of 997 m2/g. 

In comparison, the parent MOF (UiO-66) has no significant changes, from 1217 to 1210 

m3/g for UiO-66 (120 ºC) and UiO-66 (25 ºC), respectively. A factor strongly related 

to the BET surface area reduction is the trapping of proline inside the pores material 

[17]. As was pointed out in Chapter-5, the solid sulfonic acid-bdc linker's presence 

would enhance the Brónsted acid's function without endangering the environment and 

BET surface area. Also, as indicated previously, the mixed-linker of bdc and sulfonic 

acid-bdc play a role in improving the BET surface area of the MOF, in this regard, from 

1210 to 1266 m2/g. These mixed linkers modulated by acetic acid revealed an unusually 

larger surface area on MOF-S30 than MOF.  

 
Generally, the decrease in surface area would happen during the incorporation of the 

functionalised linkers in the Zr-MOF crystal as reported by Min Chung (2014) [18], the 

BET surface area of functionalised-MOF (UiO-66-SO3H) reduced to 975 m2/g over its 

parent UiO-66 (1511 m2/g). In line with the functionalized-MOF proline, the MOF 

parent UiO-66 (1210 m2/g) decreased to 957 m2/g after immobilisation with the proline. 

In contrast, applying the bdc/s-bdc mixed linkers can increase the BET surface area to 

1266 m2/g (Zr-MOF-S30Pr@RT); this result is consistent with the Zr-MOF mixed linker 

performed by Biswas et al. (2014) [19]. Biswas synthesised sulfonated MOF from 

bdc/s-bdc linker with DMA solvent and formic acid modulator with increased CO2 

absorption ability compared to parent UiO-66. In addition, Foo et al. (2014) [20] did a 

similar experiment, building the zirconium MOF framework by employing a mixed 

linker of bdc/s-bdc under DMF solvent and modulated by acetic acid. These also 

supported by Yang et al., who operated a functional molecule on the MOFs through 

computational study, and the simulations suggested that the attachment of polar 

functional groups such as –SO3H to the UiO-66 framework would lead to improvement 

of both CO2 adsorption capacity and CO2/CH4 separation performance due to 

enhancement of the surface area. 
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(a) (b) 

 
Figure 6.3 (a)N2 physisorption of Zr-MOF-S30Pr@RT and (b) BET surface area of 

Zr-MOF-S30Pr and Zr-MOF-S30Pr@RT 
 

 

6.3.1.3 FTIR spectroscopy of Wool-Zr-MOF-S30Pr  
 

The FTIR spectrum of modified wool, proline, UiO-66-S30Pr@RT and Wool-Zr-MOF-

S30Pr are presented in Figure 6.4. The IR spectrum of plain wool fibres (Figure 6.4. 

(a)) has various distinctive absorption peaks: a broad one in the range of 3482 – 2911 

cm-1, which may be related to the –NH symmetric and asymmetric bends, as well as 

solid peaks at 1637 cm-1, 1523  cm-1, and 1230 cm-1 belonging to –CONH– (amide I), 

amide II and C–N stretching of amide III respectively [21]. It has also been found that 

peaks are characteristic of wool due to the composition of the creatinine protein, which 

is characterised by the appearance of -S-S stretch polysulfides at 547 cm-1, reinforced 

by -S=O at 1022 cm-1 and O=S=O at 1241 cm-1. This is in agreement with the literature 

report [22].  
 
As for Wool-MOF-S30Pr, symmetric and asymmetric -CH long-chain polymers have 

shifted from 2971 cm-1 (original wool) to 2960 cm-1 after immobilisation UiO-66-S30Pr. 

A peak at 914 and 778 cm-1 is identified as -CH aromatic monosubstituted of proline 

which shifted from the original proline peak at 913 and 788 cm-1. The IR spectrum of 

Wool fibres after MOF-S30Pr@RT immobilisation (Figure 6.4.(d)) presents the 

reappearance of a broad peak in the range of 3666-2330 cm-1, which may correspond to 

the combinations of the -NH secondary amine of the inserted proline within MOF and 

on the wool surfaces (which shifted combinations of the original peak of proline in the 



Chapter~6 Wool-Zr-MOF-S30Pr catalyst 
 

 
 

203 

broad range of 3216-2316 cm-1 and the wool peaks at 3482-2911 cm-1). It is also 

reinforced by the presence of the peak of -NH bends of amide at 1534 cm-1 (shifted 

from the original proline peak at 1558 cm-1). This indicates that the proline has been 

immobilised in the system.  

 
Evidence that MOFs have been constructed with wool is the peak appearance at 824, 

963 and 2956 cm-1, representing -CH bend p-disubstituted,  -CH aromatic and -CH 

(methyl) asymmetric, respectively. Those peaks correspond to the original peak of UiO-

66-S30Pr (881 cm-1 for –CH aromatic, 961 cm-1 for -CH bend and 2951 cm-1 for -CH 

methyl symmetric ). The presence of a peak at 1396 cm-1, which is a shift from the peak 

at 1397 cm-1, corresponds to MOF’s linker’s terephthalate, which shows that MOF 

immobilisation in wool fabric was successfully carried out. In addition, the peak 

appearance (Wool-MOF-S30Pr) at 1027 cm-1 (shifted from the original MOF-S30P@RT 

at 1030 cm-1), the peak at 1081 cm-1 (shifted from the original MOF-S30Pr@RT at 1087 

cm-1), the peak at 1254 cm-1 (shifted from original MOF-S30Pr@RT to 1256 cm-1), and 

also the peaks at 2468 and 2611 cm-1, all indicate the existence of sulphide bonds in the 

compound [23]. It may be ascertained that the peaks at 1027 and 1081cm-1 are related 

to S=O, while the peaks at 1254 are associated with O=S=O, and it is in good agreement 

with S Katagawa et al.(2012) in their previous research [24]. The peaks at 2468 and 

2611 cm-1 correspond to the S-H stretch. cm.1, 1658 observed in the DRIFT spectra of 

the AS forms of the compounds can be attributed to the protonated form. The additional 

weak peak at 1660 cm-1 indicated protonated form (– CO2H) of unreacted or guest bdc 

or s-bdc linker molecules in small quantities. Overall, the existence of these peaks 

proves the presence of the -SO3H group originating from the sulfonated-bdc MOF (bdc-

SO3Na) linker, incorporating proline and mostly linker bonded to precursor zirconium 

salt to build the framework. 
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Figure 6.4 FTIR spectra of Wool-Zr-MOF-S30Pr and its component 
 

 

6.3.1.4 Crystallinity degree of Wool-Zr-MOF-S30Pr (PXRD) 
 

The PXRD patterns of UiO-66, UiO-66-S30Pr@RT and Wool-UiO-66-S30Pr catalyst are 

shown in Figure 6.5. The reappearance of peaks at 2θ values of 7.34°, 8.51°, 12.09°, 

14.83°, 17.18°, 25.8°, 28.04° and 30.77° in Wool-UiO-66-S30Pr which are similar to 

the MOF parent, indicate the successful formation of MOF and proline immobilisation 

on to the wool cloth. Overall, the patterns of UiO-66-S30Pr@RT, Wool-UiO-66-S30Pr, 

and UiO-66 have good crystallinity with the crystallinity degree’s order as follows: 

UiO-66> UiO-66-Sr30Pr@RT> Wool-UiO-66-S30Pr. Furthermore, the prominent peaks 

of UiO-66, which is synthesised at room temperature, reappeared both in the UiO-66-

S30Pr@RT spectrum and in the Wool-UiO-66-S30Pr catalyst spectrum. 
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Figure 6.5 PXRD pattern of UiO-66, UiO-66-S30Pr@RT and Wool-UiO-66-S30Pr  

 

6.3.1.5 Binding energy of Wool-Zr-MOF-S30Pr (XPS) 

The XPS analysis was performed to characterise the bonding treasure between wool 

fibre and Zr-MOF-S30Pr. XPS studies of Wool-Zr-MOF-Pr were conducted on 30 

mmol % of proline loading and using mixed linkers s-bdc and bdc to build the 

framework with a transition metal zirconium. Figure 6.6 presents the binding energy 

of the elements which construct the pure wool and Wool-Zr-MOF-S30Pr catalyst 

recorded at the energy range of 0-1200 eV. The spectrum provides the bonding energy 

of O1s, S2p, C1s, N1s and Zr3d in the field of 0 to 1200 eV. In general, each orbital energy 

level shifted to a specific value after immobilisation. The presence of oxygen, carbon, 

sulphur, nitrogen and zirconium can be confirmed from the peak position. 

The binding energy spectrum of O1s orbital of pure wool and Wool-MOF-S30Pr is 

introduced in Figure 6.6. (a). Compared with the O1s XPS spectrum of the pristine wool 

fibre, the peak is shifted from 532.28 eV [25],[26] to 531.88 eV. This change is 

attributed to the photoelectron peak of O-C=O of pure wool at 532.28 eV and the 

photoelectron peak of C=O/C-OH at 531.88 eV Wool-Zr-MOF-S30Pr. The peak at 

283.88 eV is assigned to the C atom of pure wool [27] which is shifted to 284.28 eV as 
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the binding energy of C1s orbital in Wool-Zr-MOF-S30Pr. The graph of the binding 

energy of S2p belongs to pristine wool at 167.68 eV [28], corresponding to the sulphur 

element from disulphide covalent bonding of maybe cysteine of wool. The peak 

photoemission of the S2p orbital is shifted to 167.88 eV, indicating that Zr-MOF-

S30Pr@RT is grafted to the fibre's surface. As the wool fibre is composed mainly of 

protein, it is expected that nitrogen is found in the fabric. The peak photoemission 

centred at 400.1 eV appeared in the pristine wool and shifted to 400.68 eV in the Wool-

Zr-MOF-S30Pr catalyst, which may be attributed to the proline's nitrogen grafted to the 

system. 

Interestingly, a new binding energy peak was revealed on the Wool-Zr-MOF-S30Pr 

sample at 182.98 and 185.38 eV, corresponding to Zr3d5/2 and Zr3d3/2, respectively. It is 

because they shifted from the original peak of the MOF at 182.38 and 184.68 eV, 

respectively, as a result of immobilisation.  

 

 
 

 
Figure 6.6 XPS energy spectra of O1s, C1s, N1s, S2p and Zr3d of Wool-Zr-MOF-S30Pr  

 

 

Table 6.1 provides the quantitative results of the atomic percentages and the binding 

energy of each element BE level in the pure wool and the Wool-Zr-MOF-S30Pr catalyst. 
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There was a change in the binding energy and the ratio of the constituent parts for the 

same orbital atom. As can be seen, the C1S and O1s atomic contents before 

immobilisation were 76.01 and 11.29 %, respectively. After immobilisation, they 

changed to 64.38 and 12.69 %, respectively. The N1s atomic range of pure wool was 

10.18 % and rose to 12.73 % after immobilisation. The amount of sulphur atom reached 

3.70 % after grafting the Zr-MOF-S30Pr with S2p atomic content of 2.52 %. A new 

orbital peak appeared to correspond to Zr (6.50 %) after being immobilised with Zr-

MOF-S30Pr, indicating that Zr-MOF-S30Pr has been successfully immobilised onto 

wool. 

 

Table 6.1 Binding energy and atomic concentration of Wool-Zr-MOF-S30Pr 
constituents at orbital energy level 

 
 

Sample 
 

Peak 
 

Binding Energy (eV) 
Atomic 

concentration 
(%) 

 

Plain Wool 

 

 

 

Wool-Zr-MOF-S30Pr 

 

 

C1s 

N1s 

O1s 

S2p 

C1s 

N1s 

O1s 

S2p 

Zr3d 

 

283.88 

400.10 

532.28 

167.68 

284.28 

400.68 

531.88 

167.88 

182.98/185.38 

 

76.01 

10.18 

11.29 

2.52 

64.38 

12.73 

12.69 

3.70 

6.50 

 

 

 

6.3.1.6 Physicochemical stability of Wool-Zr-MOF-S30Pr (TGA) 
 

Figure 6.7 describes the thermal decomposition of the two materials (pure wool and 

Wool-Zr-MOF-S30Pr) investigated by thermogravimetric analysis (TGA) over a 

temperature range of 25-700 °C.  
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The graph shows that both virgin wool and wool immobilised materials have 

experienced thermal decomposition twice due to heating from 25-700 °C. However, the 

gradient of pristine wool decomposition is steeper than that of the Wool-Zr-MOF-S30Pr 

catalyst. This phenomenon means that the decomposition of Wool-MOF-S30Pr was 

slower than clean wool. This is caused by the characteristics of wool crystallinity after 

immobilisation with Zr-MOF-S30Pr@RT. For pure wool, the initial stage of 

decomposition starts at 150 °C with a mass loss of 7% and then declines sharply to 21% 

at 200 °C, which solvents and water may cause during the initial treatment.  

 
In contrast, the Wool-Zr-MOF-S30Pr catalyst mass loss began from 12 % at 200 °C and 

dropped to 44 % at 350 °C, which may be caused by the wool pre-treatment solvent 

and the solvent used for the Wool-Zr-MOF-S30Pr immobilisation process. The second 

significant mass loss corresponds to the final decomposition of Wool-Zr-MOF-S30Pr. 

It took place from 550 °C) until the observation’s end, which showed the collapse of 

the W-Zr-MOF-S30Pr crystalline framework. Overall, this result is similar to Foo’s 

results, which use the same mixed linker and modulator under similar polar protic 

solvent DMF. For comparison, at the same temperature heating (for example, at 550 

°C), there was a significant difference in mass reduction between pure wool and Wool-

Zr-MOF-S30Pr. Pure wool has a mass loss of 86%, while Wool-Zr-MOF-S30Pr has 64%. 

It has been proven that the new catalyst has better thermal stability than pure wool. 

 

 

 
 

Figure 6.7 TGA profile of pristine wool and Wool-Zr-MOF-S30Pr at a range 
temperature observation of 25-700 °C 
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Leaching Test. Figure 6.8 shows the leaching test results of the Wool-Zr-MOF-S30Pr 

catalyst by measuring the conversion of the solution mixture without a catalyst for 60 

min of reaction in SMDR. After separating the catalyst from the solution (after 12 min), 

it can be observed that the solution conversion is constant for up to 60 min. This result 

indicates that there is no catalyst leaching process. 

 

 
 

Figure 6.8 Leaching test of Wool-Zr-MOF-S30Pr catalyst 
 

 

Chemical stability. Figure 6.9 shows the degree of crystallinity of the catalyst 

framework after immersion of the catalyst in acid, base and water to test its chemical 

stability. The results showed no significant crystalline changes during one hour of 

immersion in water, acid and base. 

 

 
 

Figure 6.9 Chemical stability of Wool-Zr-MOF-S30Pr catalyst 



Chapter~6 Wool-Zr-MOF-S30Pr catalyst 
 

 
 

210 

6.3.1.7 Morphology and element analysis of Wool-Zr-MOF-S30Pr 
(SEM-EDX) 

 

SEM analysis investigated the catalyst morphology of plain wool and Wool-Zr-MOF-

S30Pr fibres, with the resulting images shown in Figure 6.10.  

 
Fig.6.10 reveal the SEM pictures of the Zr-mixed-linker MOF samples show a 

development from intergrown aggregates of tiny crystals based on the influence of 

immobilisation time (2, 4 and 6 days) on the Wool-Zr-MOF-S30Pr catalyst morphology. 

A different thick film was noticed on the surface of the novel catalyst, which constituted 

a grainy texture. Many Zr-MOF-S30Pr particles in micrometre size conglomerated 

together, covering the fibre's surface. Overall, it can be seen that the more 

immobilisation time, the more aggregation of micrometre size particles built on the 

fibre. Figure 6.10. (a) shows the SEM image of plain wool with a clear cuticle 

boundary.  

 
An aggregation of some Zr-MOF-S30Pr particles was started partially on the catalyst's 

surface for 2 days of immobilisation time, as shown in Figure 6.10. (b). The next SEM 

image of Figure 6.10. (c) describes 4 days of immobilisation, resulting in a thicker 

layer than the previous image with a shorter immobilisation time. 

 
Figure 6.10. (d) is the image of the catalyst with 6 days of immobilisation treatment, 

and it can be seen that all surfaces were coated with Zr-MOF-S30Pr. The SEM images 

of the Wool-Zr-MOF-S30Pr directly showed the attachment of Zr-MOF-S30Pr particles 

in a stack of particle layers overlapping to form an architectural morphological 

structure. The immobilised catalyst fibre, accomplished in 6 days, was the most massive 

MOF coating compared to the other. These results were strongly supported by 

measuring the weight gain of the fibre sample after immobilisation. The weight gain 

per gram of wool fibre (w/w) is about 73 % for wool immobilised with Zr-MOF-S30Pr. 

Also, the change of the fibre diameter from 39.75 µm (plain wool) to 50.39 µm (Wool-

Zr-MOF-S30Pr) distinctly supports the deposition of the Zr-MOF-S30Pr on the wool 

fibre. 
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Figure 6.10 SEM images of (a)plain wool; (b)Wool-Zr-MOF-S30Pr in 2 days 
immobilisation; (c)Wool-Zr-MOF-S30Pr in 4 days immobilisation;  

                              (d)Wool-Zr-MOF-S30Pr in 6 days immobilisation 
 

 

Figure 6.11. (b) shows the images recorded from SEM-EDX studies conducted on the 

30 mmol % L-proline loading and 30% / 70% (S-bdc/bdc) linker for the zirconium-

based MOF catalyst system. An image of the morphology observed for the catalyst is 

shown in Figure 6.11. (a). EDX studies were done to investigate the distribution of the 

functionalised-linker (Figure 6.11. (b)) showed the presence of carbon (C), oxygen 

(O), and Sulphur (S) from the wool fibre and MOFs, also zirconium (Zr), nitrogen (N), 

sodium (Na) from the Zr-MOF-S30Pr, confirming their presence in the catalyst system,  

showing a successful loading. Sodium-ion only appears in a small intensity, which 
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means that only small quantities of sodium ion unexchanged in situ with H+ forming -

SO3H. This fact differs from the results of Foo and a co-worker (in their EDX 

observations); there was no spectroscopic presence of sodium ions due to the use of 

HCl as acidification after crystallisation. 

 

 

 
(a) (b) 

 
Figure 6.11 SEM-images and EDX spectra of Wool-Zr-MOF-S30Pr elements 

 

 

6.3.2 Determining the optimum parameters of the aldol 
reaction in a spinning mesh disc reactor (SMDR)  

 
The influence observation of feed flow rate (volumetric flow rate) and spinning disc 

speed (rotational speed) on the catalytic activity and enantioselectivity of the Wool-Zr-

MOF-S30Pr catalyst was performed in SMDR. This experiment aims to optimise the 

parameter of the aldol reaction in SMDR using the Wool-Zr-MOF-S30Pr. 

 

6.3.2.1 Effect of feed flowrate  
 
A series of feed flow rates (2 mL/s, 3 mL/s and 4 mL/s) was employed at a constant 

spinning disc speed of 250 rpm using Wool-Zr-MOF-S30Pr. The experiment was 

conducted to determine the optimum volumetric flow rate applied to the aldol reaction 
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using 4-NBA. The catalytic activity and the enantioselectivity were observed, as shown 

in Figure 6.12. The observation was carried out at three points: 21, 31 and 61 minutes. 

Both ee or conversion showed the same maximum results, achieved at a flow rate of 4 

mL/s. 

 
It is evident from the previous equation that the feed-flow rate at which the liquid enters 

the centre of the disc plays a vital role in determining the hydrodynamics of the liquid 

film. It can be observed from Figure 6.12 that the greater the feed-flow rate, the greater 

the conversion of 4-NBA into the aldol products. 

 

ee conversion 
 

 

 

 
(a) (b) 

 
Figure 6.12 Effect of feed-flowrate on (a)enantioselectivity and (b)catalytic activity of  
         Wool-Zr-MOF-S30Pr catalyst (at a constant spinning disc speed of 250 rpm) 

 
 

A similar observation was reported by Burn et al. (2005) [29]. They recognised the 

relationship between the feed flow rate and the liquid film thickness. At a constant 

lower rotational speed, the film thickness gradually decreases with the flow rate, 

resulting in increased shear stress so that micromixing increases; hence conversions and 

enantioselectivity increase, as revealed in Figure 6.12. In addition, the wave of the 

liquid film as a result of the woollen fabric wave texture plays a role in the instabilities 

in the liquid film, leading to an improved mass transfer. 

 

6.3.2.2 Effect of spinning mesh disc speed  
 

Figure 6.13 shows the influence of spinning disc speed (the rotational speed at 250, 

450, 650 and 850 rpm) on the transformation rate of reactant (4-NBA) and 
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enantioselectivity of the catalyst. The experiment was conducted at a constant feed-

flowrate of 4 mL/s as this was the optimal feed-flowrate resulting from the previous 

investigation. The aim of this experiment is to determine the optimal spinning disc 

speed, which results in the highest enantioselectivity and conversion. The graph shows 

that there has been a marked increase in the enantiomeric excess with the increase in 

disc speed, and the same trend also applies to the conversion. Maximum ee and 

conversion were obtained using disc speed at 450 rpm (95 % and 87 % for ee and 

conversion, respectively). An increase in the rotational speed reduces the liquid film 

thickness, affecting the shear stress and thus mixing intensity. This fact is consistent 

with the previous research stated by Clemens Brechtelsbauer and co-workers that the 

increase in conversion and ee concerning spinning disc speed is consistent with 

improved mixing and interfacial transport process due to enhanced shear stress [30]. In 

addition, Ilenia Rossetti and Matteo Compagnoni reported that the increase in spinning 

disc speed makes it possible to change the hydrodynamics of the liquid film. The 

increased spinning disc speed influenced fluid flow and residence time [31]. This regard 

improves mass transfer due to wave liquid film formation instability caused by Wool-

Zr-MOF-S30Pr texture (grooves of corrugated texture). 

 
It should be noted that there is a rapid decrease in conversion when the rotational speed 

of 450 rpm is increased to 650 rpm and 850 rpm. It could be because the meshes are 

not wetted well at high spinning speeds, such as the research results stated by 

Stankiewicz [32]. Another reason is the high magnitude of centripetal force due to the 

rotation being too fast, which causes both reactants and Zr-MOF-S30Pr particles to 

bounce off from their supporting material (wool) before mixing and transferring mass 

with one another. 
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ee conversion 
 

 
 

 

 
 

(a) (b) 
 
Figure 6.13 Effect of spinning disc speed on (a)enantioselectivity and (b)catalytic  
 activity of Wool-Zr-MOF-S30Pr catalyst (at a constant feed-flowrate of 4 mL/s) 

 

 

6.3.3 Catalytic performance of Wool-Zr-MOF-S30Pr  
 

The Wool-Zr-MOF-S30Pr catalytic activity was observed using the aldol reaction model 

under optimum reaction conditions done in the previous experiments. All the 

components involved in the aldol reaction can be seen on the HPLC chromatogram, 

such as in the Supporting information, SI-6.5.1, Figure 6.17. The chromatogram shows 

the starting material almost completely consumed, the separated condensation products 

and the elimination products as part of reactant system. The transformation product of 

4-NBA to 4-hydroxy-4-(4-nitrophenyl)butane-2-one can be proved spectroscopically, 

as seen in Figure 6.15. (a) and (b). The performance of the Wool-Zr-MOF-S30Pr was 

compared to the performance of proline as a benchmark of this experiment.  

 
In addition, Table 6.2 underlines that the yield of aldol using the Wool-Zr-MOF-S30Pr 

catalyst is consistent with the high conversion achieved. These results indicate 

successful immobilisation by applying the solvothermal method at room temperature 

using mixed-linkers in the catalysis site. As per the initial design and expectations, the 

high yield was achieved simply because the function of the active centres can be 

optimised. Solid sulfate-SO3H implanted in the organic linker act as Bronsted acid, and 

the bifunctional catalyst provided by proline act as an acid-base catalyst (Figure 6.14). 

The role of proline in this catalyst can be fully integrated due to the use of 4-

hydroxyproline in which the possibility of the -OH active group of proline connecting 

to the support material via hydrogen bonding (with the functional group of wool or 
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occupying the MOF defect) so that the carboxylic group acts as an acid catalyst. All 

these active centres contribute to increasing the reaction kinetics. 

 

 

 
 

Figure 6.14 Active centres of Wool-Zr-MOF-S30Pr catalyst 
 

 

 

6.3.3.1  1H NMR characteristic of the aldol product  
 

The products of asymmetric aldol reaction were confirmed by NMR spectroscopic data 

and by comparing their HPLC retention time with reported literature [33]. In this 

research, diastereomers were separated using a chiral HPLC column. The formation of 

the aldol product 4-Hydroxy-4-(4-nitrophenyl)butane-2-one by a reaction of 4-

nitrobenzaldehyde with acetone under optimised reaction was confirmed by its spectral 

data (Figure 6.15.(a) and Figure 6.15.(b) for 1H_NMR and 13C_NMR respectively). 

HPLC analysis of the aldol compound using Chiral Art Cellulose-SB Classical 

Analytical HPLC Column (4.6 mm) S-5µm 250x4.6 mm column (90:10 n-hexane:2-

propanol) obtained syn/anti ratio of 23/77. In its 1H_NMR, two doublets at δ 8.15 and 

7.47 integrating two protons each corresponds to four protons in the aromatic ring, -
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CHOH proton for syn- and anti- diastereomer appeared at δ 5.25, and δ 4.60 and 

multiplet at δ 3.00 revealed that group -CH2CO was present in the structure.  

In 13C_NMR, absorption peaks detected at δ 209.79 ppm confirmed the presence of the 

carbonyl group and signals at δ 77.16 and 69.22 ppm (anti+syn) the presence of the -

CHOH group. Thus, the above spectral data confirmed the structure as 4-hydroxy-4-(4-

nitrophenyl)butane-2-one, in agreement with the literature. 

 

 

 

 

 

 
(a) (b) 

 
Figure 6.15 (a)1H_NMR and (b)13C_NMR of the aldol product, 4-hydroxy-4-(4-

nitrophenyl)butane-2-one 

 

 
1H_NMR (300 MHz, 298 K, ppm, in CDCl3):  

δ= 8.15 (d, J = 8.8 Hz, 2H, H-arom), 7.48 (d, J = 8.6 Hz. 2H, H-arom), 5.20 (dt, J = 3.7 

Hz, J = 7.6 Hz, 1H, CH-O), 3.06 (m, J = 3.3 Hz, 1H, CO-CHH), 2.85 (dd, J = 3.4 Hz, J 

= 6.1 Hz, 1H, CO-CHH) , 2.36 (s, 3H, CO-CH3), 1.59 (bs, 1H, OH).  
13C_NMR (300 MHz, 298 K, ppm, in CDCl3):  

δ= 208.77 (C=O), 151.64 (C-arom), 147.54 (C-arom), 126.13 (2 x C-arom), 123.12 (2 

x C-arom), 67.89 (-C-O), 52.66 (-CO-CH2), 31.57 (-CO-CH3). 
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6.3.4 Reusability of Wool-Zr-MOF-S30Pr catalyst in a 
conventional reactor 

 

The reusability of the synthesised catalyst (Wool-Zr-MOF-S30Pr) in the reaction 

between 4-nitrobenzaldehyde and acetone was studied, as shown in Figure 6.16. With 

the supported wool fibre as a host of Zr-MOF-S30Pr@RT, the influence of wool on the 

catalytic activity of proline which either directly bonds to the surface of wool or graft 

onto crystallin sulfonic MOF, was investigated. Aldol reaction was performed in an 

optimum reaction condition in the conventional reactor for 23 hours. After the reaction 

was completed, the heterogeneous catalyst was recovered by washing it using ethanol 

(3 times) and oven-dried at 60 °C for 4 hours. The catalyst could be reused at least 

seven times with slightly decrease in conversion and enantioselectivity. The improved 

recyclability observed for Wool-Zr-MOF-S30Pr compared to the previous 

heterogeneous catalyst (Zr-MOF-S30Pr and Wool-Pr) was rationalised by the 

enhancement of active surface area (Figure 6.14) and its stability, covalently bonded 

to either the functional wool surfaces group or the active centres grafted to the MOF 

crystals. However, the longer reaction time in the batch system is a significant 

contributor to the decline of recyclability. The longer reaction time leads to the 

possibility of the nitrogen atom transforming being a poison, thereby deactivating the 

catalyst. Therefore, a slightly visible change in conversion and enantioselectivity 

observed after four cycles.  

 

 

 

 
 

Figure 6.16 Reusability of Wool-Zr-MOF-S30Pr in a conventional reactor 
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6.4 Summary 
 

The material characterisation shows successful organocatalyst immobilisation onto the 

MOFs built over the woollen fabric surfaces. The excellent conversion rate of reactant, 

yield and enantioselectivity toward the aldol reaction can be rationalised by the 

successful covalent bonding of the reactive group of the organocatalyst with the 

reactive group of the supporting material, both on to the MOFs and over the surface of 

woollen fabric. Therefore, a high surface area for the support (MOFs) seems beneficial. 

Pore size may not only be necessary for imparting enantioselectivity to the catalyst but 

also for supporting the chemical bonding stability. Hence, it can be recycled to catalyse 

direct asymmetric aldol reaction without significant catalytic activity and 

enantioselectivity changes (until the seven cycles). It is a remarkable role as a new 

heterogeneous catalyst that also has the benefits of the original homogenous 

counterpart.  

 
The optimum parameters for aldol reactions in conventional and SMDR reactors have 

been found. In conventional reactors, conversion, yield, and ee are up to 68%, 59% and 

75%, respectively, with yields proportional to conversion. 

 

In conclusion, we have prepared a new heterogeneous catalyst with superior material 

characteristics and catalytic performance, resulting in high productivity and 

enantioselectivity. 

 

 

 

 

 

 

 

 

 

 

 



Chapter~6 Wool-Zr-MOF-S30Pr catalyst 
 

 
 

220 

6.5 Supporting Information 

 
6.5.1 HPLC chromatograms of the aldol reaction 
 

 
 

Figure 6.17 HPLC chromatogram of the aldol reaction when the starting 
material almost completely consumed 
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Chapter-7 

 
Process Intensification (PI) in a Spinning Mesh 

Disc Reactor (SMDR)  
 

 

 

7.1 Introduction 
 

The drawbacks of conventional reactors are the limited anisotropic heat environment 

and poor heat and mass transfer, so the diffusion process is limited. To overcome this 

limitation, a continuous flow PI strategy has been developed with the superior 

reliability of mixing enhancement integrated into the catalysis-substrate system. Many 

types of PI have been developed in terms of rotation as a strategy to enhance heat and 

mass transfer. For example, the vortex flow reactor, the rotating packed-bed reactor, 

the spinning disc processor (SDP) or spinning disc reactor (SDR), the rotating tube 

processor (RTP), the narrow channel processor and the spinning tube in tube (STT) 

reactor [17]. The spinning disc reactor (SDR) is one such process intensification 

technology which consists of a spinning disc with a jet of liquid impinging onto the 

centre of top surface of the disc, intensify heat and mass transfer due to centrifugal force 

and liquid shear film leading to enhance rapid mixing and short residence times.  

 
As described in Chapter-2 of the Literature Review, the Spinning Disc Reactor is one 

example of PI equipment which has proven to be a superior device for the 

intensification of chemical reactions [1-3]. Furthermore, researchers have verified the 

process intensification, among others, by comparing the conversion or yield of a 

chemical reaction produced from a spinning disc reactor with the benchmark of a 

conventional reactor [1, 4-11]. Therefore, in Chapter-7, we will describe the possibility 

of process intensification (PI) in SMDR when applied to any heterogeneous catalyst 

synthesised by immobilising L-proline organocatalyst onto MOF, wool and a 

combination of both. The overall results and discussion presented in this chapter are 

from the experimental procedures described in Chapters-3,4,5 and 6. 
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7.2 Process Intensification (PI) in an SMDR using 
Zr-MOF-S30Pr catalyst 

 

Aldol reaction using 4-nitrobenzaldehyde and acetone with no necessity of working 

under a dry and inert atmosphere was developed for a straightforward practicable big-

scale approach to circumvent the need for a particular reaction condition. For this 

reason, we apply the Zr-MOF-S30Pr catalyst to the reactor that supports the Process 

Intensification, namely the Spinning Disc Reactor (SDR).  

 
Figure 7.1 displays the graphs between reaction time and conversion (a) and between 

reaction time and selectivity (b), shown in the conventional reactor and SDR. The 

intensified spinning disc reactor reaction is much faster than the reaction in the 

conventional reactor, which is about 1 hour in the SDR and 24 h in the conventional 

reactor. Therefore, the conversion of 4-nitrobenzaldehyde (4NBA) in the conventional 

reactor was lower than in the SDR. Likewise, the enantioselectivity of the Zr-MOF-

S30Pr catalyst using a traditional reactor is lower than that of SDR. The low 

performance of the catalyst in a conventional reactor may be due to mass transfer 

limitations during the catalysis. The reactions within these micropores can be limited 

by the diffusion of reactants towards the active catalytic site rather than the performance 

of the active site itself. In SDR, the spinning disc produces perfect mixing to enhance 

heat and mass transfer, causing the reactor to intensify the aldol reaction, which is in 

line with the research of Ochando-Pulido et al. (2019) [15] and Appamana et al. (2019) 

[16]. They employed SDR by utilising the superiority of the mechanical nature of 

spinning discs on the flow of the solution, the centrifugal force and sheer stress, which 

produces a thin layer of the film solution. The thin film layer of the solution increases 

the contact surface area between the catalyst and the reactant to create maximum 

mixing, enhancing mass and heat transfer. 
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 Conventional reactora SDRb 
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 (c) (d) 
aStirring at 300rpm, 25 °C, 24 h; brotational speed at 350rpm, feed flowrate at 4 mL/s, 60 minutes 
 
Figure 7.1 Propagation of conversion and ee in a conventional reactor and an SDR 

using Zr-MOF-S30Pr catalyst 
 

 

Table 7.1 briefly compares the performance of the L-proline and the Zr-MOF-S30Pr 

catalyst in the intensified reactor (SDR) and conventional reactors. Catalyst 

performance is shown by indicators of the percentage of conversion, yield and ee. It 

appears that both the L-proline catalyst before and after immobilisation, the 

performance in SDR is better than in a conventional reactor. This achievement revealed 

that the process intensification occurred in SDR. The yield of the aldol reaction product 

is linear concerning the degree of conversion. Overall, the yield of aldol product in SDR 

is higher than that of the batch reactor. Prominent differences are seen at the reaction 

time, where achieving a complete stoichiometric balance is reached in 60 min in the 

SDR, faster than the reaction time in a conventional reactor that requires 24 hours. 
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Table 7.1 The catalytic performance of Zr-MOF-S30Pr and L-proline  
 
 
 
No 

 
 

Catalyst 

SMDR 
 

Conventional reactor 
 

Conversion 
(%) 

Yield 
(%) 

ee 
(%) 

Conversion 
(%) 

Yield 
(%) 

ee 
(%) 

 
1. 

 
L-proline 

 
98 

 
92 

 
97 

 
85 

 
83 

 
83 

 
2. 
 

 
Zr-MOF-
S30Pr 

 
83 

 
81 

 
86 

 
73 

 
69 

 
80 

 

 

Figure 7.2 depicts the recyclability of the catalyst in the batch reactor and SDR. The 

catalyst can only be used and recycled three times in a batch reactor and SDR. After 

three cycles of aldol in a batch reactor, the catalyst was deactivated (the reasons were 

explained in the previous section of this chapter). Likewise, with the catalyst's 

performance in SDR, unexpected happened after three times, the peristaltic pump 

stagnated due to the concentrated liquid emulsion, and the appearance of encrustation 

on the surface of the glass spinning disc may be due to agglomeration of the powder 

catalyst. This issue may also occur in the peristaltic pipe's inner diameter, leading to 

heavier pipe work and eventually jamming. Therefore, further catalyst development is 

directed at immobilisation using a suitable support material for the spinning disc 

contour and safe for the environment and the reactor system. However, the conversion 

and selectivity in SDR are still higher than conventional. 

 

 

  
(a) conventional reactor (b) SDR 

 
Figure 7.2 Recyclability of Zr-MOF-S30Pr in a conventional reactor and an SDR 
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7.3 Process Intensification (PI) in an SMDR using 
Wool-Pr catalyst 

 

The catalytic performance in conventional and Spinning Mesh Disc Reactor 

(SMDR). The kinetic curve of the 4-nitrobenzaldehyde transformation to b-hydroxy 

aldehyde in spinning mesh disc reactor (SMDR) catalysed by L-proline was also 

performed. The results are shown in Figure 7.3, with outstanding activities and 

selectivity achieved.  

 
Wool-Pr and L-proline catalysts show impressive confirmation of the effect of the disc 

rotational speed on the mixing effectiveness by operating at 450 rpm. It can be seen 

clearly that the highest conversion and enantioselectivity of the Wool-Pr and L-proline 

is when the spinning disc speed ran at 450 rpm (up to 84 %, 99 % for conversion of 

Wool-Pr and L-proline respectively. Up to 89 %, 98% for ee of Wool-Pr and L-proline 

respectively) within 60 minutes reaction. An excellent yield of 80% is attained. 
 
The catalyst performance comparison between Wool-Pr and L-proline in a conventional 

and spinning mesh disc reactor is summarised in Figure 7.3 and Table 7.2. Overall, 

the conversion of the catalysed reactions using Wool-Pr and L-proline in SMDR was 

higher (up to 99% for L-proline and 84% for Wool-Pr) compared to the reactions 

completed in a conventional reactor (up to 85% for L-proline and 64% for Wool-Pr). 

Linearly with kinetic reaction, enantioselectivity in SMDR is higher than in batch 

reactor. Both either L-proline and Wool-Pr have excellent percentages of ee using 

SMDR (98% for L-proline and 89% for Wool-Pr) and a good ee in the conventional 

reactor (83% for L-proline and 73% for Wool-Pr). It was clear that asymmetric aldol 

reaction conducted in SMDR (adopting Wool-Pr catalyst or L-proline) was faster than 

in batch counterpart. The longer time aldol reaction in a conventional reactor was also 

experienced by previous researchers who transformed aldehyde into b-hydroxy 

aldehyde products. For example, Kaskel et al. (2016) reported proline functionalised 

Zr-MOFs (UiO-67 and UiO-68) by pre-synthetic modification of the organic linker and 

achieved good diastereoselectivity after ten days of reaction [18]. 
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  (a) (b) 

 
 
 
 
 

ee 

 
Conventional reactora 

 

 

 
SMDRb 

 

 
  (c) (d) 

a stirring at 300rpm, 25 °C, 10h ; b rotational speed at 450rpm, feed flowrate at 4 mL/s, 60 min. 
 

Figure 7.3 Propagation of conversion and ee in a conventional reactor and an SMDR 
using Wool-Pr catalyst 

 

 

Further, the same group published another L-proline functionalised zirconium-MOF, 

marked as DUT-67 for Michael's addition reaction, with the completed reaction 

attained after five days [19]. Again, the rise in yield is in line with the conversion shown 

in Table 5.3. Also, when the total flow rate increased further, the micromixing time 

decreased because the disc's power dissipation to the reactants increased [20]. Thus 

increasing the mixing intensity enhanced mass and heat transfer coefficient, increasing 

the yield. 
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Table 7.2 The catalytic performance of Wool-Pr and L-proline  
 
 
 
 
No 

 
 
 

Catalyst 

 
SMDR 

 

 
Conventional reactor 

 
Conversion 

(%) 
 

 
Yield 
(%) 

 
ee 

(%) 

 
Conversion 

(%) 

 
Yield 
(%) 

 
ee 

(%) 

 
1. 

 
L-proline 

 
98 

 
91 

 
97 

 
83 

 
70 

 
73 

 
2. 
 

 
Wool-Pr 

 
84 

 
80 

 
89 

 
64 

 
53 

 
67 

 

 

The basis of enhanced mixing and heat and mass transport rates, which have the 

potential to reduce reaction times significantly, resulted in fewer energy requirements. 

This would result in further carbon emission mitigation. In addition, the catalyst 

reusability is a pivotal point in reducing chemical consumption and generating waste, 

leading to the economic/business as one benefit of the process intensification (PI). This 

integrated system starting from catalysis design until its application in the intensified 

SMDR, has confirmed that PI is transforming conventional chemical processes into a 

more economical, productive and green process. 

 
Due to the Wool-Pr catalyst's role as a spinning mesh disc, its potential active site can 

be enhanced by increasing the degree of micromixing between reactant and catalyst so 

that diffusion of the substrate into the active site is more efficient. A spinning disc speed 

creates centrifugal forces and shear stress to form a liquid film over the Wool-Pr disc 

and inside the cloth, as previously reported by Boodhoo (2012) and Jacobsen and 

Hinrichsen, 2012) [21, 22]. This phenomenon affected mixing improvement, which led 

to heat and mass transfer enhancement. It indicates that Process Intensification occurred 

in the system by applying a new heterogeneous catalyst (Wool-Pr) as a mesh spinning 

disc.  

 
Moreover, the reusability of the new heterogeneous catalyst leads to reducing undesired 

chemicals such as chemicals for catalyst separation and reducing waste that is safer 

environmentally and reduces time and energy, leading to cost technology reduction and 
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a safer environment. Therefore, those dramatic improvements of integrated 

enhancement (rough surfaces catalyst, porous catalyst material, rotation, spinning disc 

mechanical treatment) lead to heat and mass transfer created by good-excellent mixing. 

This achievement is in line with several previous studies (below), confirming that the 

superiority of SDR is due to its excellent mixing, which causes an increase in the heat 

transfer and mass transfer coefficients. Furthermore, applying the spinning disc and the 

fluid flow rate, which creates centrifugal force and causes shear stress, would allow 

optimum mixing, which led to mass and heat transfer enhancement.  

 
Rahman and Faghri (1993) reported that all transport phenomena are controlled by 

inertial and viscous resistance at larger and smaller radii. They used an analytical and 

numerical solution for mass transfer to a thin film on the spinning disc. They also 

confirmed that the spinning could considerably enhance the mass transfer coefficient 

over the entire disc radius by increasing its rotational speed [23]. Jachuck and Ramshaw 

(1994) studied the heat transfer of water flowing on the surface of a spinning disc that 

operated at a rotational disc speed ranging from 250-890 rpm and enhanced the heat 

transfer coefficients up to 16 kW/m2K. Their investigation confirmed that mechanical 

treatment (employed machine grooves)could affect the large number of ripples created 

within the thin film and significantly affect the heat transfer compared with the smooth 

disc surface [24]. In addition, a 0.5 cm diameter, smooth-spinning disc made from brass 

was investigated by Aoune and Ramshaw (1999) who has confirmed that the heat and 

mass transfer performance play a role in enhancing both parameters. A very high heat 

transfer coefficient was reported on the disc for the water system. Unfortunately, they 

found that the liquid flow rate and the disc radius were less influential than the rotation 

speed [25].  

 
Regarding immobilisation modification using natural fabrics, Xu Dong Feng et al. 

(2014) have summarised their research that lipase enzymes immobilised onto wool and 

applied to the Spinning Cloth Disc Reactor (SCDR) exhibited a higher conversion than 

when performed in a conventional reactor. This study explains that the rotational speed 

and fluid flow rate can significantly increase heat and mass transfer. Furthermore, the 

role of the cloth used as an enzyme support material is that the wool cloth can maximise 

the interaction diffusion process between the catalyst and the substrate both on the 

surface and inside the wool cage [26, 27]. 
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Figure 7.4 summarise the recycling of a new catalyst (Wool-Pr) performed in (a) batch 

reactor and (b) SMDR for 5 cycles. When the recycling test was carried out in a batch 

reactor (Figure 7.4 (a)), a significant decrease occurred in conversion and 

enantioselectivity after the 4th round. However, when it was performed in SMDR, as 

shown in Figure 7.4 (b), the catalyst could be reused at least five times without neither 

loss of activity (up to 84%) nor selectivity (up to 91%). 

 

 

 

 

 

 
(a) Conventional reactor (b) SMDR  

 
Figure 7.4 Reusability of Wool-Pr catalyst in a conventional reactor and an SMDR 

 

 

 

7.4 Process Intensification (PI) in an SMDR using 
Wool-Zr-MOF-S30Pr catalyst 

 

The data performance from SMDR was benchmarked against data obtained using a 

batch reactor to make a realistic evaluation of the spinning mesh disc reactor 

implementation as an intensified reactor for asymmetric catalytic aldol reaction. In 

addition, data containing conversion and enantioselectivity will be compared as a 

function of reaction time.  

 
Figure 7.5 (b) and (d) describe the performance of Wool-Zr-MOF-S30Pr and L-proline 

in SMDR during 60 minutes of observation. Overall, there is a considerable 

improvement in performance during the course, either in the reaction rate, productivity 

or enantiomeric excess (for both catalysts), compared to their performance in a batch 

system. For example, it took 13 hours for the reaction conversion to achieve about 65 
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% in the stirred tank reactor (Figure 7.5 (a) and (c). Under the same conditions, it only 

took 12 minutes to achieve the complete conversion in the spinning mesh disc reactor, 

as shown in Figure 7.5 (b)(d).  Conversion in SMDR is up to 87% by Wool-Zr-MOF-

S30Pr and up to 68% in conventional reactors (can be seen in Figures 7.5 (a) and (b).  
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 (c) (d) 
a stirring at 300rpm, 25 °C, 23h ; b rotational speed at 450rpm, feed flowrate at 4 mL/s, 60 min. 
 
Figure 7.5 Propagation of conversion and ee in a conventional reactor   
                           and an SMDR using Wool-Zr-MOF-S30Pr catalyst 

 

 
In SMDR (the reaction scheme is in Figure 7.6), it needs about 25 min to reach 

equilibrium with a maximum conversion of approximately 87 %. However, under the 

same condition, 16 hours are required to reach equilibrium with the complete 

transformation in a batch reactor (the reaction scheme is in Figure 7.7). This sharp time 
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difference shows that the process intensification occurs in the spinning mesh disc 

reactor. 

 

 

 
 

 
Figure 7.6 Schematic of the aldol reaction in an SMDR 

 

 

 

 
 
 

Figure 7.7 Schematic of the aldol reaction in a conventional reactor 
 

 

These results align with previous research that SDR technology can reduce the reaction 

time [30]. Similarly, Boodhoo et al. (2000) reported on the polymerization of styrene, 

showing that, apart from increasing the polymerization rate, the disc reactor can also 

improve product quality by tightening the molecular weight distribution of the polymer. 

Furthermore, the preparation of unsaturated polyesters using a rotating disc reactor 

showed that the system could significantly reduce the total reaction time [5, 16, 31, 32]. 

Therefore, the short reaction time achieved in SMDR or, in other words, the high 

starting material consumption speed (high conversion) has relevance to the 

enhancement technique. What is meant by enhancement here is an increase in heat 

transfer and mass transfer. 

It is generally recognised that enhancement techniques include passive and active 

enhancement. Treated surfaces, rough surfaces and porous structures are part of passive 



Chapter~7  Process Intensification (PI) in SMDR 
 

  
 

 
236 

enhancement. In this research, the three enhancement efforts were carried out on a new 

heterogeneous catalyst involving MOF (porous structure), rough surface (using 

woollen cloth) and surface treated (by immobilising organocatalyst to the support 

material surface). 

 
The active technique of enhancing heat and mass transfer used in this research includes 

mechanical aid (for example, by mechanical control of the spinning disc reactor setting 

and the flow speed of the consumed substance) and rotation (e.g. spinning disc speed 

for spinning disc reactor). This active enhancement technique, mechanical control and  

SMDR rotational are believed to improve heat and mass transfer. For example, 

bypassing a fluid across a rotating disc creates waves that form a film, giving rise to 

intense surface shear stresses and high transfer coefficients, thereby increasing mass 

and heat transfer caused by excellent mixing on the Wool-Zr-MOF-S30Pr catalyst 

surfaces and inside. In this research, rotational speed and feed flow rate screening 

yielded an optimal number at 450 rpm and 4 mL/s. As a result, the aldol reaction rate 

will likely rise sharply by the Wool-Zr-MOF-S30Pr catalyst in SMDR. The excellent 

mixing that promotes high heat transfer rates between the film and the disc and high 

mass transfer rates between the liquid stream and the catalyst disc is a dominant 

influence on the degree of conversion, productivity and enantioselectivity. 

 
In contrast, all those factors are missing in the batch reactor. Therefore, this 

breakthrough creates the SMDR as a superior Process Intensification on the equipment 

development side. DA Patterson and co-workers have reported several studies already 

demonstrating the same phenomenon when using fabric catalysts in SCDR (2013, 

2014) [27, 29]. For example, their immobilised lipase catalysts in SCDR could raise 

the activity to 81 % of its original for hydrolysing tributyrin into butyric acid [27]. 

 
In terms of ee, Figure 7.5 (c) and (d) show the enantiomeric excess of Wool-Zr-MOF-

S30Pr and 4-hydroxy-L-proline in SMDR compared to the batch reactor. Both catalysts 

exhibit higher ee in SMDR than in batch reactor (95 and 98 % in SMDR using Wool-

Zr-MOF-S30Pr and 4-hydroxy-L-proline, respectively, as opposed to 75 and 83 % in 

batch reactor). The factors mentioned above (excellent mixing, surface texture) are the 

causes of the higher ee in SMDR compared to batch reactors. Nevertheless, other 

reasons also supported maximising the reaction results, such as the choice of solvent, 
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temperature, and the concentration of both reactants and organocatalyst to yield higher 

enantioselectivity. 

 

 

Table 7.3 The catalytic performance of Wool-Zr-MOF-S30Pr and 4-hydroxy-L-
proline  
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As shown in Figure 7.8 below, the catalyst's recyclability is better when lying in the 

spinning disc reactor than in a batch reactor. The longer reaction time in the batch 

system is a significant contributor to the decline of recyclability. The longer reaction 

time leads to the possibility of the nitrogen atom transforming being a poison, thereby 

deactivating the catalyst. A leaching test in the batch reactor was also performed by 

keeping the reaction mixture stirred without wool cloth. The findings indicated that 

there had been a marked decrease after 4 cycles, confirming that leaching happened in 

the batch reactor. 

 
A further catalyst leaching observation was also applied to the SMDR system. After 

the reaction proceeded for 7 cycles, the reaction in the SMDR system was continued 

for another 2 hours without spinning disc cloth (catalyst). It was noticed that the 

conversion and ee value did not have a visible change after the catalyst solids Wool-

MOF-S30Pr were separated, demonstrating that there was minimal proline leaching 

during the reaction process. It only created an external influence on the aldol reaction. 
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Thus far, the evidence supports that employing the Wool-Zr-MOF-S30Pr in SDR is a 

superior Process Intensification. 

 

 

 

 
 

 

 
 

(a) Conventional reactor 
 

(b) SMDR 

 
Figure 7.8 Reusability of Wool-Zr-MOF-S30Pr in a conventional reactor and an 

SMDR 
 

 

In addition, the definition of PI has expanded from the initial traditional understanding 

as an effort to reduce the size of the equipment. It is now enhanced to include aspects 

of business, process and safety environment [33], which are integrated to improve the 

process intensification (PI). For this reason, we adopted the definition of Ramshaw and 

Cross, which PI is a methodology for reducing equipment size, energy consumption or 

waste generation while achieving specific goals [34]. With the Wool-Zr-MOF-S30Pr 

catalyst in SMDR, reaction times are short, and there is no need for the separation 

process to be completed since there is no catalyst in the mixture product. It means no 

waste generation after reaction finish, no pollution and low energy consumption. As a 

result, the production cost is low. With the fulfilment of four indicators of the broadest 

PI metric [35], the application of the new Wool-Zr-MOF-S30Pr heterogeneous catalyst 

in SMDR provides a clear picture of the intensification process of the aldol reaction for 

the formation of C-C chiral organic compounds. 
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7.5 Summary 
 

The results of experimental studies on high process intensification equipment for aldol 

reactions have been described in Chapter-7. This reaction involves 4-nitrobenzaldehyde 

and acetone using a heterogeneous catalyst in a DMSO solvent system in a continuous 

arrangement comprising a conventional and spinning disc reactor (SDR). Each 

application of a new heterogeneous catalyst (Zr-MOF-S30Pr, Wool-Pr and Wool-Zr-

MOF-S30Pr, respectively) begins with stabilization of the process conditions 

(organocatalyst concentration, solvent and temperature) in a conventionally operated 

reactor. It is then run in SDR continuous mode through optimization parameters, 

including rotational speed and feed flow rate. 

 
In general, aldol reaction process intensification occurs in the spinning disc reactor by 

application of each new immobilized heterogeneous catalyst on a glass spinning disc. 

 
Employing a heterogeneous catalyst of Zr-MOF-S30Pr as a spinning disc component, 

the conversion was significantly increased up to 83% after a 60min reaction with 81% 

yield. Further, conventional reactors take 24 hours to achieve a 69% yield, with 

conversions reaching 73%. However, another method is needed to obtain the additional 

advantage of separating the catalyst from the solution (dead-end separation cells, as 

described in Chapter-4). Also, the recycling capability is limited due to the viscosity 

resistance. 

 
By retaining a Wool-Pr heterogeneous catalyst sheet (Chapter-5) on a spinning disc 

device, the process intensification is well controlled with the added advantage that the 

catalyst can be separated directly by a simple method efficiently so that the catalyst can 

be recycled. As a result, the catalyst was stable for five cycles in SMDR, while for the 

same recycling in a conventional reactor, the catalyst kinetics decreased significantly 

starting from the 4th round. The aldol reaction was run for 60 minutes without 

operational problems with a yield of 80%, conversion up to 84%, and high 

enantioselectivity (89%). This improvement is quite significant compared to the values 

achieved in conventional reactors: yield up to 53%, conversion up to 64% and 

enantioselectivity up to 67%, which takes ten hours to reach the stoichiometric 

equilibrium of the reaction. Optimising rotational parameters and mechanical 

assistance (optimization of rotational speed and feed flow rate) activate centrifugal 
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force. It causes shear stress, thereby increasing perfect mixing, which leads to ideal 

mass and heat transfer coefficients in the SMDR system. The conversion of 4NBA and 

acetone to aldol products showed that the conversion, yield and selectivity were higher 

in SMDR than in conventional reactors. It is also known that the reaction time to 

complete conversion in SMDR is much faster than in conventional reactors. This 

evaluation result difference indicates the occurrence of process intensification in the 

SMDR by employing the functionalized L-proline onto Wool and MOFs. 

 
A modification of the Wool-MOF organocatalyst immobilisation (project in Chapter-

6) named Wool-Zr-MOF-S30Pr heterogeneous catalyst was also applied to the spinning 

disc reactor. Optimizing the spinning disk parameters and reactant volume flow rate 

further improves the catalyst performance in the SDR more than in the conventional 

reactor. Product stability was achieved after 60 minutes, with 83% reaction yield,  87% 

conversion and 89% ee in SMDR. The same product in a conventional reactor was 

obtained after 10 hours with 59% yield, 68% conversion and 75% ee, respectively. Due 

to its simple and easy separation, the Wool-Zr-MOF-S30Pr in a spinning mesh disc 

reactor (SMDR) can be recycled up to 7 times without any significant reduction in 

indicators performance compared to the conventional reactors (conversion, ee, and 

yield decreased significantly) for the same recycling. 

 
The performance of the three catalysts in the spinning mesh disc reactor (SMDR), 

which is higher than in the conventional reactor, reflects the process intensification that 

occurs in the SMDR. The optimum disc rotation speed combined with the reactant 

volume rate creates a centrifugal force and sheer stress at the catalyst-reactant interface. 

As a result, it generates the growth of a thin liquid film, making the mixing interaction 

more impeccable, leading to mass and heat transfer enhancement in the SMDR system. 

This substantial improvement in Process Intensification increases the possibility of the 

new catalyst being applied in the industrial field. 
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Chapter~8 
 

General Summary and Future Works 
 

 

 

 

8.1 Conclusions 
 

This research aims to develop, characterise, and evaluate a novel heterogeneous catalyst 

(through the organocatalyst immobilisation of L-proline onto zirconium-sulfonated 

MOF and wool fabrics) for application in the intensified SMDR using aldol as a model 

reaction has been accomplished. Furthermore, different heterogeneous catalysts (Zr-

MOF-S30Pr, Wool-Pr and Wool-Zr-MOF-S30Pr) with additional characteristic material 

have been synthesised and evaluated for catalytic activity, productivity and 

enantioselectivity. 

 
Initially, the development method was employed by immobilising L-proline onto 

zirconium-sulfonated MOF using a different approach that employs mixed-linkers (bdc 

and s-bdc) and a solvothermal crystallisation method. Amine and acid modulation has 

been used to introduce defects into the framework of the Zr-MOF-S30Pr. The material 

characterisation showed that the L-proline organocatalysts were attached to the support 

materials with excellent stability (thermally and chemically) with a large surface area 

and open cluster site, which could be used as an active site of Lewis base and Bronsted 

acid for aldol addition of aldehydes and ketones. It confirmed that Zr-MOF-S30Pr is a 

promising heterogeneous catalyst for C-C compound assembly using aldol reaction. 

 
Furthermore, a new development method was also introduced for organocatalysis 

immobilisation onto woollen cloth, presenting the interaction between the woollen 

cloth surface reactive groups and the reactive groups of L-proline. The material 

characterisation exhibited a more active site with high thermal and chemical stability, 



Chapter-8 General Summary and Future Works 
 

 
 

246 

confirming that the novel heterogeneous catalysts, as per synthesised (Wool-Pr), are 

excellent for acting as catalysts.  

 
Finally, the renewable heterogeneous catalysts Wool-Zr-MOF-S30Pr have been 

synthesised at room temperature using 4-hydroxy-L-proline organocatalyst, 

demonstrating high stability and surface area with bifunctionality catalytic of proline 

fully integrated into the framework. Method development has been carried out by 

synthesising materials at room temperature by growing MOF on the woollen cloth 

surface so that 4-hydroxy L-proline can be deposited not only by interacting with the 

woollen cloth surface but also with MOF crystals. The alternative use of 4-hydroxy-L-

proline was also chosen as an organocatalyst, allowing more active centres to exist in 

the material.  

 
The catalytic activity of the three heterogeneous catalysts (Zr-MOF-S30Pr, Wool-Pr and 

Wool-Zr-MOF-S30Pr) has been evaluated in the conventional reactor and SMDR using 

parameters such as conversion, yield and enantiomeric excess, which represented for 

the catalytic activity, productivity and enantioselectivity respectively. The catalytic 

activity and productivity of Zr-MOF-S30Pr were moderate compared to the 

homogeneous counterpart, but the selectivity was good. Catalyst separation from the 

mixture solution can be done by the organic solvent nanofiltration (OSN) membrane in 

a dead-end separation cell. Therefore, the catalyst can be used three times with minimal 

activity loss and selectivity. The aldol reaction in a conventional reactor takes longer to 

achieve a stoichiometric equilibrium for a complete conversion than if the reaction was 

carried out in the spinning disc reactor. However, operating the glass spinning disc only 

with solo Zr-MOF-S30Pr resulted in an unsuccessful aldol reaction after three times 

running. It is due to the catalyst material agglomerating and adhering to the disc and 

the peristaltic pump, leading to severe encrustation problems. It also increased the flow 

viscosity that causes unrepeatable reusability after three-run due to the heavier 

peristaltic pump load. Therefore, MOF growth was further developed on a flexible 

support material with a spinning disc topology but did not affect the overall mechanism 

of the aldol reaction. For this reason, a new heterogeneous catalyst was developed using 

woollen cloth as a natural support material. 

 
The new heterogeneous catalyst, Wool-Pr, immobilised L-proline onto woollen fabric, 

showed good performance as indicated by good conversion, yield and selectivity, 
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although still lower than the homogeneous catalyst, L-proline. The performance of the 

Wool-Pr catalyst in SMDR is better than in conventional reactors, which require a 

longer time to reach equilibrium with complete conversion. The rise in conversion and 

yield is due to the increase in micromixing as the superiority of SMDR, which led to 

the enhancement of mass and heat transfer. Likewise, the separation of the mixed 

products shows the ease of separation. Furthermore, due to the higher conversion in the 

SMDR, the reusability of the catalyst is also higher than in the conventional reactor. 

 
The catalyst activity evaluation was also performed on the Wool-Zr-MOF-S30Pr 

catalyst. The catalytic performance of the catalyst was higher in SMDR than in a 

conventional reactor. Therefore, the reusability of the Wool-Zr-MOF-S30Pr in SMDR 

was more continuable than in a traditional reactor. 

 
In general, Zr-MOF-S30Pr, Wool-Pr and Wool-Zr-MOF-S30Pr can be separated easily 

from the mixture solution of the end product and are moderate to highly recoverable. 

These achievements confirmed that those catalysts reduced unwanted chemical 

solutions and undesired wastes, resulting in less energy consumption and finally led to 

operational cost reduction and a safer environment. 

 
Applying a layer of MOF-fabric catalyst to the disc's surface overcomes encrustation 

and high viscosity problems. It, therefore, allows the reaction parameter to be explored 

to the maximum achievement (high conversion, productivity and selectivity) by 

adjusting rotational speed and fluid flow rate to the optimum value. Thus, we 

demonstrated that the SMDR (SDR using MOF-fabric catalyst) was a breakthrough that 

can be used for asymmetric aldol reaction, resulting in a product with high reaction rate 

(conversion), productivity and enantioselectivity. In addition, the scale-up 

stoichiometry will not hinder employing an SMDR system in this process technology. 

 
Moreover, another intensified catalyst, Wool-MOF-S30Pr, have been synthesised at 

room temperature with excellent material characteristic. This breakthrough in saving 

energy is applied to the immobilisation process of a catalyst. Evaluating its catalytic 

and selectivity performance using 4NBA as a donor proton (nucleophiles) and acetone 

as an acceptor proton (electrophiles) shows excellent results in SMDR.  
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Both of them (Wool-Pr and Wool-Zr-MOF-S30Pr) complemented and increased the 

work dominance of the SMDR. It was shown by the similar catalytic activities and 

selectivity even higher than their homogeneous counterparts. The aldol reaction was 

under a mild condition; both Wool-Pr and Wool-Zr-MOF-S30Pr proved their 

heterogeneities for being recycled. Specifically for Wool-Zr-MOF S30Pr, composing 

the mono stereoisomer C-C compounds with the highest stability without any activity 

loss during the recycling process was admirable. The SMDR showed promising 

potential for aldol intensification based on the mass transfer coefficient enhancement 

and fast reaction time compared with conventional technologies, which is indicated by 

the increase in several parameters (conversion, yield and enantioselectivity) if the 

process is carried out in a spinning mesh disc reactor than in a conventional reactor.  

 
Successful catalyst immobilisation and employing them in intensified reactors (SMDR) 

would eventually switch from batch processing towards continuous or semi-continuous 

processing, allowing better recyclability and significant capital cost savings. 

Furthermore, spinning mesh disc reactors would also improve the intrinsic safety of the 

process whilst reducing energy consumption and promoting Process Intensification, 

which has potential applications in industry. 

 

 

 

8.2 Recommendation for future work  
 

Successfully immobilising L-proline onto the MOF support material, which yielded the 

material characteristic that meets the catalysis requirements, has been demonstrated in 

this project research. However, some recommendations can be made after being 

evaluated based on observations made throughout this thesis. One of the functional 

groups that act as a Bronsted acid (-COOH of the L-proline) deprotonated during the 

immobilisation, which led to L-proline linking with the Zr node. Besides, they also 

occupy the void of the crystal defect due to the loss of some of the ligands associated 

with Zr through deprotonation of -COOH. Both mechanisms result in the reduction of 

L-proline bifunctional activity. 
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For this reason, it is necessary to immobilise proline with a variety of other proline 

derivatives containing more reactive group centres than -COOH. This is so that the 

covalent bonds that connect the organocatalyst with the support material do not bind 

the COOH-group. Thus, proline bifunctionality can be maintained to provide more 

active centres. In addition, applying 4-hydroxy-L-proline functionalised MOF or 

Woollen cloth for further research to optimise more active sites is recommended. 

 
Additional information on the catalyst material characteristic is necessary. Therefore, 

it is also advisable to synthesise a single crystal catalyst or at least a single crystal for 

the parent MOF. Single crystals have higher strength and hardness than polycrystalline 

and their amorphous phases. In addition, the amorphous phase and polycrystalline 

materials contain more dangling bonds or defects, dislocations and strains than the 

single crystal state. Therefore, it is recommended that single-crystal MOF catalyst 

synthesis be performed for material characterisation purposes. 

 
Considering how superior the spinning disc reactor is among other reactors, the 

possibility of synthesising membrane MOF of immobilised organocatalysis for 

spinning discs needs further study. With a membrane, applying it onto the spinning disc 

will be elementary as it resembles a thin layer flexible to the spinning disc surface 

topology. Moreover, with the surface nature of the membrane, it is also possible to 

immobilise other catalysts more easily on the surface of the MOF membrane. 

Therefore, employing organocatalyst-membrane MOF on the spinning disc reactor 

(SDR) is recommended. 

 

 

 
 
 
 
 


