
University of Connecticut
OpenCommons@UConn

Doctoral Dissertations University of Connecticut Graduate School

8-23-2016

Synthesis and Optimization of Mesoporous
Materials Using Sol-gel Based Inverse Micelle
Method for Catalysis and Adsorption
Ting Jiang
tingjiangche@gmail.com

Follow this and additional works at: https://opencommons.uconn.edu/dissertations

Recommended Citation
Jiang, Ting, "Synthesis and Optimization of Mesoporous Materials Using Sol-gel Based Inverse Micelle Method for Catalysis and
Adsorption" (2016). Doctoral Dissertations. 1243.
https://opencommons.uconn.edu/dissertations/1243

http://lib.uconn.edu/?utm_source=opencommons.uconn.edu%2Fdissertations%2F1243&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.uconn.edu/?utm_source=opencommons.uconn.edu%2Fdissertations%2F1243&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu?utm_source=opencommons.uconn.edu%2Fdissertations%2F1243&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/dissertations?utm_source=opencommons.uconn.edu%2Fdissertations%2F1243&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/gs?utm_source=opencommons.uconn.edu%2Fdissertations%2F1243&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/dissertations?utm_source=opencommons.uconn.edu%2Fdissertations%2F1243&utm_medium=PDF&utm_campaign=PDFCoverPages
https://opencommons.uconn.edu/dissertations/1243?utm_source=opencommons.uconn.edu%2Fdissertations%2F1243&utm_medium=PDF&utm_campaign=PDFCoverPages


ABSTRACT 

Synthesis and Optimization of Mesoporous Materials Using Sol-gel Based Inverse Micelle 

Method for Catalysis and Adsorption 

Ting Jiang, PhD 

University of Connecticut, 2016 

Mesoporous materials have been widely used in redesigning commercially important processes 

for environmental and economic considerations. They have demonstrated great advantages in 

providing well-controlled surface area, pore size and volume, and nanocrystalline walls. Compared 

with microporous materials, they present improvement in molecular mass transfer, thus allowing 

larger reactant molecules involved in the reaction systems. This study focuses on the synthesis of 

University of Connecticut (UCT) mesoporous materials by the state-of-the-art sol-gel based 

inversed micelle method. Modification and optimization of the catalyst structural properties, such 

as surface area, pore size and volume, crystallinity, and phase were achieved by tuning the 

synthesis conditions, such as heating rate, calcination temperature and atmosphere, and dopant 

amount. The synthesized mesoporous materials have been applied as catalysts, catalyst supports, 

and adsorbents in several catalysis and adsorption processes. Particularly, (1) mesoporous iron 

oxides of different phases were synthesized as Fenton catalysts in orange II degradation in the 

presence of oxidant H2O2 at a neutral pH under visible light; (2) magnetic mesoporous iron oxide 

supports were developed for synthesizing magnetically recyclable palladium incorporated 

catalysts in nitrobenzene hydrogenation under mild conditions; (3) mesoporous aluminosilicates 

were fabricated and optimized as effective adsorbents for siloxane removal from biogas derived 

from anaerobic digestion of sludge. Overall, the mesoporous materials have satisfied the specific  
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purposes of different projects involved in this study, with adjustable structure, excellent catalytic 

activity/adsorption capacity, and good recyclability and stability. 
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1. INTRODUCTION 

1.1 Mesoporous materials  

Porous materials have been intensively studied with regard to technical applications as catalysts, 

catalyst supports, and adsorbents. According to the IUPAC definition, porous materials are divided 

into three categories: microporous (pore size <2 nm), mesoporous (2–50 nm), and macroporous 

(>50 nm) materials [1]. The schematic diagram, electron microscopy images, and typical 

applications of microporous, mesoporous, and macroporous materials are shown in Figure 1. 

Microporous materials, such as zeolites, have been widely used in chemical industry. However, 

the application of microporous materials is limited by the small pore size of the material. The 

mesoporous materials, such as MCM-41 and SBA-15 have huge surface areas (normally ≥1000 

m²/g), large pore sizes (2 nm ≤ size ≤ 20 nm), and ordered arrays of cylindrical mesopores with 

very regular pore morphology. The large surface areas of these materials increase the probability 

that a reactant molecule in solution/gas phase contacts the catalyst surface and reacts. The large 

pore size and ordered pore morphology allow the relatively large reactant/product molecules to 

diffuse into/out of the pores. Moreover, the mesoporous materials are thermally and chemically 

stable, which is preferred by industrial applications.  

The advantages of mesoporous materials are summarized as follows:  

(a) Mesoporous materials have highly ordered and controllable size which enable the size-

selective adsorption of small molecules but the size-exclusion of larger molecules, providing 

molecular weight cutoff in sample enrichment [1].  

(b) Mesoporous materials have high surface areas and large pore volumes which provide 

sufficient capacity for the adsorption of reactants. 
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(c) The framework of mesoporous materials can be various oxides, including silica, alumina, 

or transition metal oxides [2]. The transition metal oxides are particularly important among 

non-silica mesoporous materials because they possess d-shell electrons confined to nanosized 

walls, redox active internal surfaces, and connected pore network [3]. 

(d) Mesoporous materials are thermally stable, chemically stable, biocompatibility and have 

low toxicity.  

 

Figure 1: Schematic diagram, electron microscopy images, and applications of microporous, mesoporous 

and macroporous materials. (Reprinted by permission from Macmillan Publishers Ltd: Nature 

Communication (ref [3]), copyright (2013); reprinted by permission from Nature Publishing Group (ref [4]), 

copyright (2015); reprinted with permission from ref [5], copyright (2008) American Chemical Society; 

reprinted with permission from ref [6], copyright (2015) American Chemical Society; reproduced from ref 

[7] with permission of The Royal Society of Chemistry.)  
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1.2 General synthesis approaches of mesoporous materials 

Recently mesoporous transition metal oxides have attracted a lot of attention because they have d-

shell electrons and reactive redox internal surface. Generally, the approaches to synthesize 

mesoporous transition metal oxide can be classified into two methods: the hard template method 

and the soft template method. In the hard template method, mesoporous silica based materials, 

such as MCM-41, MCM-48, SBA-15, SBA-16, KIT-6, FDU-12, are used as templates. The 

fabrication process includes reinforced crystallization, post-synthesis solid-solid conversion, 

and/or nanocasting [8]. The inorganic precursor is firstly filled in the pores of the hard template, 

and then it is converted to inorganic solid network. After the network is formed, the hard template 

is removed. The obtained material is actually a replica of the hard template. The disadvantage of 

the hard template method is that the template is difficult to remove. In the soft template method, 

surfactants are used as templates. This fabrication process is an evaporation induced self-assembly 

process. The inorganic precursor and the surfactant are firstly mixed, forming a wet gel in the 

solvent. Then a mesoporous network is formed from the inorganic precursor. After that, the 

surfactant is removed by calcination or solvent extraction.  

1.3 Sol-gel process 

The sol-gel process is generally classified as a soft template method. During the sol-gel process, 

an oxide network is formed through poly-condensation of inorganic precursors in the liquid. 

Depending on the synthesis procedure, the morphology of the material synthesized by sol-gel 

process varies (Figure 2). In this study, powder form (dense ceramic) mesoporous materials were 

synthesized through the steps of hydrolysis, condensation, gelation, evaporation and heating. 

Usually in the sol-gel process, micelles, which have hydrophobic tails of surfactants inside and 
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hydrophilic tails of surfactants outside, are formed in water medium, usually resulting in metal 

oxide materials of amorphous wall structure and disordered pore system. In order to obtain 

crystalline wall and monomodal pore size distribution, inverse micelles, which have hydrophobic 

tails of surfactants outside and hydrophilic tails of surfactants inside and form in organic solvent 

medium, were adopted in this study. Explanations of reasons of using inverse micelles in the sol-

gel process are explained in details in Section 1.4.  

 

Figure 2: Various steps in the sol-gel process to control the final morphology of materials. (Reproduced 

from book Metal Oxide Nanoparticles in Organic Solvents: Synthesis, Formation, chapter 2 Aqueous and 

Nonaqueous Sol-Gel Chemistry, 2009, page 10, with permission of Springer" (ref [9])).  

1.4 Interaction between surfactant and inorganic precursor in the solution 

The interaction between surfactants and inorganic precursors is very important in the sol-gel 

synthesis of mesoporous materials. The possible interactions are listed in Figure 3, ranked from 

the strongest interaction to the weakest. In the columbic interaction, the charged surfactant is able 

to disperse the inorganic precursor very well into the solution. However, the strong interaction 
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between inorganic precursors and the surfactants will affect the condensation of inorganic 

precursor during the sol-gel transition step, resulting in the thin wall or amorphous wall structure 

of the obtained materials. The inorganic precursors and the surfactants can also interact through 

covalent bonding when strong Lewis acid center exists in the inorganic precursor. Besides these 

interactions, the electrons of oxygen of the surfactant can be transferred to empty orbitals of 

transition metals, forming another type of interaction. But this charge transfer can be easily 

destroyed by moisture through another stronger charge transfer between the oxygen of water and 

the inorganic precursor. The weakest interaction between inorganic precursors and the surfactants 

is hydrogen bonding. 
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Figure 3: The interactions between inorganic precursor (I) and surfactants (S) in the solution. (Reproduced 

from book Perovskites and Related Mixed Oxides: Concepts and Applications, chapter 31, Wiley-VCH (ref 

[10]); reproduced from book Nanoscale Materials in Chemistry, chapter 9, Wiley (ref [11])) 

In this study, the weak interaction of hydrogen bonding is preferred, because this weak hydrogen 

bonding will not hinder the condensation of the inorganic precursor, and thus promote the 

formation of crystalline wall structure and well-controlled pore distribution. The advantages of the 

weak hydrogen bonding also include its water tolerance feature during the synthesis process and 

the thermal stability and crystallinity of the resulting mesostructured materials. Crystalline 

hydrates are usually used as the inorganic precursors. The schematic diagram of interaction 

between inorganic precursors and surfactants through hydrogen bonding is shown in Figure 3.  

1.5 General procedure of sol-gel based inverse micelle method 

Generally, the sol-gel based inverse micelle method includes three steps, the solution step, the sol-

gel transition step, and the post synthesis step (Figure 4). In the solution step, the inorganic 

precursor solution is formed. The type of the inorganic precursors, dopant amount, surfactant 

properties (such as size, type, mixing ratio), and small additional molecules can be used to tune 

different properties of mesoporous materials. In the sol-gel transition step, the solvent starts 

evaporating, and then the micelles come together. When the solvent is totally dried, the inorganic 

precursors change into oxide and then oxide network. In this process, reaction temperature, 

reaction time, and the solvent are key factors that affect the properties of mesoporous materials. In 

the post synthesis step, the surfactant is first extracted by the solvent. Then the byproducts 

generated during the sol-gel transition step, such as NOx and carboxyl groups, are removed by 

calcination at 150 °C. During post synthesis, calcination temperature, heating rate, and atmosphere 

can be adjusted for tuning the properties of mesoporous materials. Further modification, such as 
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sulfurization, reduction, and oxidation allow the generation of mesoporous metal sulfides, metal 

oxide with mixed valence, and metal oxide with different phases.  

 

Figure 4: General procedure of sol-gel based inverse micelle method. (Reprinted by permission from 

Macmillan Publishers Ltd: Nature Communication (ref [3])).  

1.6 Characteristics of sol-gel based inverse micelle method 

There are three major characteristics of the sol-gel based inverse micelle method used in this study. 

The first one is the use of non-ionic surfactant P123. The non-ionic property of P123 allows the 

formation of hydrogen bond in the solution (Figure 5 (a)) and easy removal of the soft template. 

The oxygens on the hydrophilic tails of P123 are the bonding sites to inorganic precursors. So the 

length of hydrophilic tails of the surfactant decides the wall thickness of the as-made materials, 

and the length of hydrophobic tails of the surfactant decides the pore size of the as-made materials. 
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The second characteristic is the NOx chemistry. The addition of nitric acid into the solution helps 

dissolve the inorganic precursors. In the sol-gel transition step, nitric acid decomposes to NOx 

upon heating (NOx detection by UV-Vis spectroscopy is shown in Figure 5 (b)), which quickly 

increases the pH of the solution thus preserves the as-made oxide materials. The pH adjustment 

helps stabilize the synthesized mesoporous metal oxide materials. The third characteristic is the 

use of organic solvent, 1-butanol. The non-polar property of organic solvent allows the formation 

of inverse micelle, which leads to the formation of interconnected inorganic oxide network. The 

interconnected mesoporous network has been proved by successful synthesis of mesoporous 

carbon out of the mesoporous silica template (Figure 5 (c)). The obtained mesoporous silica was 

used as a hard template for synthesis of mesoporous carbon and the pores of mesoporous silica 

were filled with the surfactant. After pyrolysis, the surfactant transformed into carbon left in the 

pores of mesoporous silica. After removal of mesoporous silica template, the carbon was identified 

as the mesoporous carbon, showing that the parent mesoporous silica template had the 

interconnected mesoporous network.  

 

Figure 5: Explanation and proof of three characteristics of sol-gel based inverse micelle method (Reprinted 

by permission from Macmillan Publishers Ltd: Nature Communication (ref [3])).  
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1.7 Targeted applications of mesoporous materials  

In recent years, environmental and economic considerations have raised strong interest to redesign 

commercially important processes so that the use of harmful substances and the generation of toxic 

waste could be avoided [12]. In this respect, there is no doubt that heterogeneous catalysis can play 

a key role in the development of environmentally benign processes, such as petroleum industry, 

production of chemicals, treatment of waste, and development of clean energy (e.g. biogas, 

hydrogen). Microporous materials have attracted strong attention as acids, bases, and redox 

catalysts. However, they present severe limitations when large reactant molecules are involved, 

especially in liquid-phase systems, as is frequently the case in the synthesis of fine chemicals, due 

to the fact that mass transfer limitations are very severe. Attempts to improve the diffusion of 

reactants to the catalytic sites have focused on increasing the pore sizes or providing an additional 

mesopore system within the microporous materials while preserving the acidic/basic or redox 

properties of the materials. In the following context, the background, current research status and 

challenges of catalysis and adsorption processes, nitrobenzene hydrogenation, dye degradation, 

water splitting, and siloxane adsorption, are introduced and reviewed. The preliminary work was 

to investigate the effectiveness of utilizing mesoporous materials in catalysis and adsorption. 

 Photocatalytic dye degradation  

Increasing environmental concerns have been aroused by one of the largest groups of organic 

compounds, industrial dyes [13]. Among the industrial dyes, azo dyes (-N=N- group specified) 

constitute a large percentage [14]. The complete removal of the azo dyes from wastewater is 

necessary due to their properties of being carcinogenic, harmful, and non-biodegradable. Thus, the 

investigation of methods for azo dyes removal has been a hot subject with widespread research 
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[14,15]. There are many ways for dye removal from wastewater, such as physical-chemical 

methods, chemical methods, advanced oxidation processes (AOPs), and electrochemical methods 

[15]. Among these methods, advanced oxidation processes mostly with the help of O3, H2O2, and 

UV, have been proven to be very effective in degrading dyes [16]. In AOPs, photo-Fenton’s 

process is very attractive for its effectiveness in decolonization and mineralization of dyes, low 

cost, and non-toxicity (i.e. Fe2+ and H2O2) [17]. In most cases, strong acids are added into 

wastewater to meet the pH requirement (pH=2-4) for the best performance of catalysts before the 

application of traditional Fenton reactions. In the photo-Fenton process, organic pollutants can be 

degraded effectively and non-selectively by reactive oxygen species such as hydroxyl radical (•OH) 

and hydroperoxyl radicals (•OOH/O2
-). The mechanism of Fenton reagents in aqueous solutions is 

shown as follows [18]:   

𝐹𝑒2+(𝑎𝑞) + 𝐻2𝑂2 (𝑎𝑞) →  𝐹𝑒3+(𝑎𝑞) + 𝑂𝐻 • (𝑎𝑞) + 𝑂𝐻−(𝑎𝑞)   (chain initiation) 

𝐹𝑒3+(𝑎𝑞) + 𝐻2𝑂2 (𝑎𝑞) ↔ 𝐹𝑒 − 𝑂𝑂𝐻2+(𝑎𝑞) + 𝐻+(𝑎𝑞)  

𝐹𝑒 − 𝑂𝑂𝐻2+(𝑎𝑞) → 𝐻𝑂2 • (𝑎𝑞) + 𝐹𝑒2+(𝑎𝑞)  

𝑂𝐻 • (𝑎𝑞) + 𝐹𝑒2+ (𝑎𝑞) →  𝑂𝐻−(𝑎𝑞) + 𝐹𝑒3+(𝑎𝑞)  (chain termination)  

However, there are several drawbacks of the photo-Fenton and related processes which limit their 

effectiveness: 1) ultra-violet light, which only accounts for 2% of sunlight, is not as widely 

available as visible light; 2) acid reaction conditions, which have been proved to offer the best 

reaction conditions for Fenton catalysts [19,20], also needs further processing to avoid second-

time contamination in the processing of wastewater treatment; 3) the large volume of Fe (III)-iron 

sludge after a Fenton reaction needs to be removed at the end of treatment by precipitation, which 
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causes additional expense of the wastewater treatment. Therefore, the development of active 

heterogeneous systems to enable the photo-Fenton reaction to operate with 1) visible light, 2) 

neutral or near-neutral pH conditions, and 3) no Fe ion sludge generation, is of great significance. 

So focus has been given to research in heterogeneous catalysis to allow the photo-Fenton process 

to work at the above-mentioned conditions without a tradeoff of efficiency. 

For the Fenton process under visible light, significant contribution can be found from work in the 

literature [21–24]. However, most of the work is limited by acidic conditions[25–27]. This is 

because formation of the key oxidant •OH radicals can be accelerated under acid conditions (best 

at pH=2-4) in the Fenton reaction [18,21,28–30]. As an improvement, in the application of azo dye 

degradation, a few researchers have studied the catalyst performance under neutral or near neutral 

pH. Feng et al. [31] studied the effectiveness of 4 different catalysts on discoloration and 

mineralization of orange II at pH=3 and pH=6.6 conditions. They observed bentonite clay-based 

Fe nanocomposite was the catalyst with the best performance in both pH conditions. Specifically, 

at pH=3 conditions, Fe nanocomposite was able to degrade 90% of orange II within 10 min 

whereas at pH=6.6 condition Fe nanocomposite needed 30 min to degrade 90% of orange II. 

However, in the case above, an ultraviolet light source was used for the Fenton reaction. Other 

examples with both visible light and neutral pH come from Cheng et al. [32] and Du et al. [33]. 

Cheng et al. claimed that 90% of methyl orange was degraded by Fe(III)-loaded resin within 500 

min at nearly a neutral pH condition (pH=6.0) in the presence of H2O2 under visible irradiation. 

Du et al. reported that clay-supported iron oxide was able to degrade 65% of anionic orange II in 

150 min and > 90% of cationic dye methyl orange within 60 min at near neutral pH conditions 

(pH=6.5) under visible light and H2O2.  
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Mesoporous iron oxide is very promising in dye degradation. Because in the photo-Fenton process 

catalyzed by mesoporous iron oxides, diffusion can be promoted by large pore sizes and pore 

volumes and active sites can be provided by large surface areas at the same time. Kim et al. [34] 

synthesized mesoporous iron oxide-layered tinanate nanohybrids with pore sizes of 3.7 nm-12 nm. 

The prepared material can degrade 100% methylene blue within 120 min under visible light. Panda 

et al. [35] synthesized a mesoporous Fe2O3-SiO2 composite by using CTAB as a structure directing 

agent. The mesoporous Fe2O3-SiO2 composite is able to discolor 98.5% methyl orange within 20 

min in the presence of H2O2. And after a 3-cycle experiment, the catalyst is very stable and only 

shows 1.5% loss of activity in discoloration and mineralization of methyl orange. In this study, we 

modified the sol-gel-based inverse micelle methods published before [3], and successfully 

synthesized mesoporous 2-line ferrihydrite (UCT-5), α-Fe2O3 (UCT-6), γ-Fe2O3 (UCT-64), and 

Fe3O4 (UCT-65), by changing the reaction temperature and calcination atmosphere. Various 

characterization techniques have been performed in order to understand the properties of 

synthesized materials. The synthesized mesoporous materials have been applied to azo dye (orange 

II) degradation in the presence of oxidant H2O2 at neutral pH under visible light. The possibility 

of recycling catalysts offered by this study serves a further advantage of using these catalysts for 

industrial applications.  

 Nitrobenzene hydrogenation  

Aniline is an important precursor for the manufacture of polyurethane, indigo, and other industrial 

chemicals. The common industrial method for aniline production is through catalytic 

hydrogenation of nitrobenzene [36,37]. In the process, carbon supported noble metal catalysts are 

widely used [37–45]. However, improvement of the catalyst is limited by some obstacles. The first 

obstacle is attributed to the use of an inactive carbon support. Although active carbon provides a 
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high surface area, Pd cannot be anchored as efficiently as some basic supports, such as hydrotalcite 

[36]. Moreover, active carbon cannot act as effectively as basic supports (metal oxide support) to 

bond nitrobenzene strongly by a noble metal-support interface [46–48], which will promote the 

reaction rate of the catalytic hydrogenation reaction. The second obstacle exists when small pore 

size and pore volume catalyst supports are used, restricting the dispersion of Pd nanoparticles and 

diffusion of reactants [49–53]. The third obstacle is the difficulty of recycling the catalysts. Since 

the noble metal catalysts are very expensive, separation and recycling of the catalyst are desirable 

[54–59]. Magnetically separable catalysts are attractive heterogeneous catalysts due to their facile 

recycling process [60,61].  

A great deal of effort has been put to overcome these obstacles in order to synthesize effective 

catalysts for the nitrobenzene hydrogenation reaction. Improvement of the carbon support has been 

studied in the literature. Torres et al. [62] found that carbon supports treated with ozone and 

hydrogen peroxide could reinforce noble metal dispersion and hydrogenation capacity, compared 

with untreated ones. This is because treated carbon supports, which have weak acid sites formed 

on the surface, have stronger interaction with the noble metal precursors. Bouchenafa-saib et al. 

[38] treated active carbon supports with H3PO4 and ZnCl2 and oxidized them in air to generate 

surface oxygenated groups. The surface oxygenated groups, which are related to acidity, affected 

the turnover frequency of hydrogenation of nitrobenzene.  

Utilization of mesoporous metal oxides as catalyst supports has also been investigated in literature. 

The use of mesoporous metal oxides as catalyst supports had two functions: one was to protect 

nanoparticles from aggregation and improve their thermal stability; the other was to enhance the 

catalytic activity by providing acid/base and redox sites or desired interfaces. Banerjee et al. [49] 

studied the immobilization of noble metals into mesoporous materials. They encapsulated Pd 
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nanoparticles into mesoporous MCM-48 matrix, which could catalyze hydrogenation reactions 

under aerobic conditions. The excellent activity of the catalyst was mostly due to their large surface 

area, better metal dispersion, and interpenetrating network of three dimensional pores of MCM-

48. Liu et al. [52] dispersed bimetallic nanoparticles (PtPd/AuPd/AuPt) into mesoporous metal 

oxides (TiO2/Al2O3/SiO2/ZrO2) by a one-step sol-gel method.  

Moreover, researchers studied the nitrobenzene hydrogenation reaction over magnetically 

supported palladium catalysts. Yi et al. [56] synthesized silica-coated magnetic nanoparticles as 

the support for Pd nanoclusters. The synthesized catalysts could be easily recycled by an external 

magnet and reused at least 5 times with 100% conversion in nitrobenzene hydrogenation. Lang et 

al. [63] used Fe3O4/SiO2 and Fe3O4/Al2O3 as a core to synthesize Pd supported catalysts. Magnetic 

alumina-supported palladium catalysts could achieve 90% conversion of nitrobenzene within 40 

min reaction time with only 1% Pd loading.  

Although the studies mentioned above focused on overcoming each obstacle in catalysis for 

nitrobenzene hydrogenation separately, a catalyst with properties that can improve (1) the 

functionality of the catalyst support, (2) the mesoporosity and porous network of the support, and 

(3) the recyclability of the catalyst are all still under exploration. In this study, synthesis of 

mesoporous γ-Fe2O3 supported Pd catalysts and their application in nitrobenzene hydrogenation 

are investigated, trying to overcome the three main obstacles discussed above at the same time. In 

particular, iron oxide support is proposed to act as a base which can adsorb nitrobenzene to initiate 

the first step of heterogeneous catalysis, adsorption. The aggregated maghemite nanoparticles 

exhibit superparamagnetic behavior, which enables easy recycling of the catalysts.  
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 Siloxane adsorption for biogas cleanup 

Biogas, a product from anaerobic decomposition of organic waste in landfill and sewage plants, is 

one of the promising renewable energy sources [64–68]. Production of biogas is one of the 

effective ways of converting waste to fuels and energy [69–71], which can reduce the use of fossil 

resources and usually mitigate greenhouse gas emissions [72]. However, biogas from sewage 

sludge and landfills contains trace siloxane impurities (e.g. octamethylcyclotetrasiloxane (D4), 

hexamethyldisiloxane (L2), and trimethylsilanol (TMS)) [73], which are converted into abrasive 

microcrystalline silica [74,75] during combustion in the engines. The buildup of the silica layers 

inhibit the essential heat conduction or lubrication [74,76]. Among these siloxane impurities, 

cyclic siloxane is very hard to remove because of lack of functional groups and large molecular 

size. Since the siloxane D4 is one of the major impurities in landfill gas and anaerobic digester gas 

[73], D4 was chosen as a model compound in this study. The untreated biogas may contain 

siloxanes of up to 2000 mg/m3 [77], which is significantly higher than the manufacturer siloxane 

limit (15 mg/m3) [74,78]. Thus, removal of siloxanes has been implemented in industrial processes 

[79,80]. Among them, adsorption of siloxanes by solid adsorbents is widely used because of its 

simplicity, excellent siloxane removal performance, possible high degree of regeneration, and the 

possibility of increased performance by multiple columns in parallel or new advanced adsorbents 

[79].  

So far, a variety of adsorbents of high porosity and large surface area, such as active carbon [76,81–

84], silica gel [77], zeolites [85,86], and molecular sieves [77,87], have been explored for the 

adsorption of siloxanes. Active carbon is the most commonly used adsorbent in industry. However, 

utilization of active carbon has the potential danger of starting adsorbent bed fires when high 

concentrations of organic compounds are treated [88]. In addition, regeneration of the used active 
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carbon by thermal treatment is difficult [76,77,89]. In contrast, zeolites offers possibility to be 

regenerated by hot air at relatively high temperatures, or through advanced oxidation by H2O2 with 

low risks of catching fire because of the inertia and stability of the zeolite structure [80,89].  

Super microporous (pore size=7-20 Å) and mesoporous (pore size=20-500 Å) adsorbents have 

been found preferable for the adsorption of the relatively large-size siloxanes, such as D4 (~10 Å 

kinetic diameter) [75,86,90,91]. Yu et al. [75] investigated the effect of the main textural properties 

of adsorbents when siloxanes are removed. The adsorbents with pore sizes distributed around 17-

30 Å have the largest adsorption capacity. A recent study by Cabrera-Codony et al. [76] further 

proved that the mesopore volume was related more to the D4 adsorption capacity than the larger 

micropore volume, and the narrow micropore volume (< 7 Å) did not correlate at all with the 

adsorbent capacity. Therefore, development of the adsorbents with a relatively large pore size (> 

17 Å) for siloxane adsorption is imperative [92]. In this study, exploration of the mesoporous 

zeolite-type adsorbents in D4 adsorption has been performed. The main focus of this study is to 

first tune the textural properties of the adsorbents by changing the synthesis conditions [93,94], 

such as the aluminum dopant amounts and the calcination heating rate, and then investigate the 

effect of the textural properties of the adsorbents on siloxane adsorption performance. Moreover, 

the synthesized mesoporous aluminosilicates have been compared with the commercial ZSM-5 to 

evaluate the effectiveness of the new mesoporous aluminosilicates on D4 adsorption. Lastly, a 

mechanistic discussion regarding the key adsorbent textual properties that would affect the 

adsorption capacity, and the fate of D4 during the adsorption is presented. 
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1.8 Objective of this study 

In this study, the mesoporous materials are synthesized by the state-of-the-art sol-gel reverse 

micelle method. The details regarding material synthesis, characterization and optimization are 

stated and discussed as a whole chapter. The main objective of this study is to improve the 

performance of the mesoporous materials in organic synthesis, photocatalysis, and adsorption by 

tuning the structure of the materials. This dissertation is particularly focused on (1) synthesis of 

mesoporous iron oxides with difference phases and their application in dye degradation; (2) 

synthesis of mesoporous and magnetically recyclable Pd/meso-γ-Fe2O3 nanoparticles for 

nitrobenzene hydrogenation; (3) synthesis of mesoporous aluminosilicates with different structural 

parameters for siloxane adsorption.   
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2. MATERIALS CHARACTERIZATION TECHNIQUES AND 

PERFORMANCE EVALUATION PROCEDURE 

2.1 Characterization techniques  

 X-ray diffraction  

Powder X-ray diffraction (PXRD) data were collected on a Rigaku UltimaIV instrument using Cu 

Kα (1.54 Å) radiation at a beam voltage of 40 kV and a 45 mA beam current. High-angle and low-

angle patterns were obtained by continuous scans in a 2θ range of 5-90° and 0.5-5° with a scan 

rate of 2 °/min and 0.5 °/min, respectively. The peaks were indexed with the International Center 

for Diffraction Data (ICDD) PDF-2 database.  

 Nitrogen sorption 

The surface area, pore size distribution, and pore volume of iron oxides were determined in a 

Micrometitics Accelerated Surface Area and Porosimetry (ASAP) 2020 System. The isotherms of 

N2 at 77 K were obtained from physisorption. Before analysis, the samples were degassed at 120 

°C under vacuum for 12 h to remove the surface contaminants. The pore size distributions of the 

iron oxides were determined from the N2 desorption isotherms at 77 K, using the Barrett–Joyner–

Halenda (BJH) method. Cumulative pore volume distribution was obtained using the density 

function theory (DFT) method. Brunauer-Emmett-Teller (BET) specific surface area was 

calculated by the adsorption isotherm with the points in the range of 0.05 < P/P0 < 0.3. Total pore 

volume was determined by the amount of N2 adsorbed at P/P0 = 0.99. Micropore volume (Vmicro) 

was calculated by the Dubinin-Radushkevich (DR) method with the points in the range of 10-4 < 

P/P0 < 0.1. Mesopore volume (Vmeso) was calculated by the Barrett-Joyner-Halenda (BJH) method 
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(BJH desorption cumulative volume of pores between 17 Å and 5000 Å). Average pore size was 

calculated from the adsorption branch of the isotherm. The external surface area was calculated by 

the t-plot method; the micropore surface area is obtained by subtracting the external surface area 

from the BET specific surface area.  

 Electron microscopes 

High-resolution scanning electron microscope (HRSEM) photographs were taken on a Zeiss DSM 

982 Gemini FESEM with a Schottky emitter at an accelerating voltage of 2.0 kV and a beam 

current of 1.0 mA. A high-resolution transmission electron microscope (HRTEM) was used to 

characterize the crystallized structure and the morphology of the samples using a JEOL 2010 

instrument with an accelerating voltage of 200 kV. EDX spectra were acquired in the same JEOL 

2010 instrument as well.  

 X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) was used to determine the surface properties of catalysts 

in a PHI 590 spectrometer with multiprobes (ΦPhysical Electronics Industries Inc.), using Al Kα 

radiation (λ = 1486.6 eV) as the radiation source. The powder samples were pressed on carbon 

tape. The carbon tape and sample stage was stuck together by double-sided adhesive copper tape 

before the sample stage is placed in the analysis chamber.  

 Infrared spectroscopy 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) of the mesoporous iron 

oxides after adsorption of dye was performed in a NICOLET 6700 Fourier Transform Infrared 

Spectroscopy (FTIR) from Thermo Scientific, equipped with an MCT detector and a Praying 
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Mantis DRIFTS cell from Harrick Scientific. Pure potassium bromide (KBr) was used as 

background and samples were diluted in KBr (0.5 wt% concentration) for each analysis. 

 Raman spectroscopy 

Raman spectra were obtained using a Renishaw 2000 Ramanscope which has an optical 

microscope (0.024 inches focus length), graphic grating (1800 mm-1), and CCD detector. A laser 

excitation source with 514 nm wavelength was used for testing mesoporous α-Fe2O3, γ-Fe2O3, and 

Fe3O4; a laser excitation source with 633 nm was used for testing mesoporous 2-line ferrihydrite. 

The laser focus was set to 40% to prevent local damage [67,95,96]. For each sample, 3 different 

locations were analyzed to verify the spectra.  

 X-ray absorption spectroscopic  

The X-ray absorption spectroscopic (XAS) measurements were conducted at the National 

Synchrotron Light Source (NSLS) at Brookhaven National Laboratory using beamline X18A. The 

synchrotron radiation was monochromatized by a Silicon (111) double crystal monochromator. 

The incident and transmitted beam intensities were monitored using ionization chambers filled 

with mixtures of He and N2 gases. The samples were diluted by h-BN with a ratio of (1:8), then 

pressed into pellets, and mounted between the ionization chambers of Io and It. A thin iron foil 

reference was used for energy calibration. The XANES data were analyzed using Athena software 

where background and post and pre-edge corrections were made.  

 Thermogravimetric analysis–mass spectrometry 

Thermogravimetric analysis–mass spectrometry (TG-MS) analyses were performed with a TG 209 

F1 Libra thermogravimetric analyzer coupled to a QMS 403C quadrupole mass spectrometer. The 
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samples (20 mg) were kept at 120 °C to removal adsorbed water and then heated to 600 °C with a 

5 °C/min heating rate under 20 mL/min argon. A scanned bargraph mode was used for MS 

measurements.  

 Measurement of magnetization 

Measurement of the dc magnetization were carried out for -50 kOe ≤ H ≤ +50 kOe at a temperature 

T=300 K using a Quantum Design MPMS-5 superconducting quantum interference device 

(SQUID) magnetometer. DC magnetic measurements were also carried out as a function of applied 

magnetic field (-10 kOe to 10 kOe at 300 K) with a vibrating sample magnetometer attached to 

the Evercool Physical Property Measurement System (PPMS) from Quantum Design.  

2.2 Dye degradation  

For the dye adsorption experiment, typically, 50 mg of iron oxide and 200 mL of 0.1 mM aqueous 

orange II solution at various initial concentrations C0 was mixed in a beaker, followed by stirring 

at a constant rate in the dark overnight. After equilibrium was reached, the suspension was filtered 

through a micro filter with a 0.45 μm PVDF membrane (Pall Corporation), and the substrate Ce 

concentration remaining in the filtrate was analyzed. The decreased concentration (C0-Ce) was 

then used to calculate the amount of adsorption, in units of milligrams per gram of iron oxide. 

For dye degradation reaction, dye solutions (0.1 mM) were prepared by dissolving relative 

amounts of dyes into DDW. Before the degradation reaction, dye solution and catalysts (0.25 g/L) 

were stirred vigorously in the dark overnight to eliminate the adsorption effect to reach equilibrium. 

Then the degradation reaction was started by adding H2O2 solution to the suspension (to reach 12.5 

mM concentration in solution) under visible light irradiation in a 600 mL quartz beaker as the 

photoreactor. The pH of solution was the intrinsic pH and no more addictive was added to adjust 
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the pH value. The solution was stirred by a magnetic stir bar. All the catalysts were suspended in 

the solution during the dye degradation reactions. The beaker was covered with a watch glass to 

minimize water evaporation and interference from the atmosphere.  

2.3 Nitrobenzene hydrogenation  

Solvent ethanol (25 mL) with 25 mg catalyst was bubbled in an inert gas atmosphere (30 mL/min 

nitrogen) for 1 hour to create an inert gas atmosphere. Then the suspension was purged with 30 

mL/min hydrogen for 0.5 hour at 50 °C under reflux for in-situ reduction of catalysts. When the 

catalyst was ready, nitrobenzene (2.5 mmol) was injected into the solution to start the reaction. 

During the reaction, the vessel was kept at 50 °C and 1 atm under reflux, very mild conditions as 

compared with those in the literature [38,53,97–99]. Samples were taken every 20 min to analyze 

the conversion of nitrobenzene and concentration of reaction intermediates and products. All the 

samples were filtered with a 0.45 µm-PVDF syringe filter (Pall Corporation) and then analyzed as 

a function of time with an Agilent 7820A gas chromatograph with a 5975 MS detector (GC/MS 

system).  

2.4 Siloxane adsorption 

The D4 adsorption experiments were performed under dry conditions. During the experiments, 

nitrogen of 5 mL/min was used as the carrier gas. The carrier gas first passed through a bubbler 

with 10 mL D4 which is maintained at 25 °C in an oil bath, and then passed through adsorbents 

(100 mg, around 1 cm long in a quartz tube). The average siloxane concentration of 2000 mg/m3, 

higher than the real industrial situation (50-500 mg/m3) and the highest previously reported in the 

literature [77], was used in this study. The D4 that broke through the adsorbents was trapped by 

hexane in an ice bath. Samples were taken from the hexane trap regularly and analyzed by Agilent 
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7820A gas chromatography with a 5975 MS detector (GC-MS) to monitor the siloxane 

concentration. The GC-MS was calibrated with different concentrations of D4 for quantitative 

analyses. The D5 of 10 μL was used as an internal standard for verification of the results. GC is 

equipped with a 12-meter-long HP-1 column. The temperature of the oven in GC is first kept at 

40 °C for 2 min, then increased to 250 °C with a 15 °C/min ramp rate, and finally kept at 250 °C 

for 5 min. The detection limit of GC is 1 ppm. The amount of D4 adsorbed was calculated by 

subtracting the D4 amount in the trap during the experiment from the D4 amount in the trap during 

the blank experiment under the same conditions. Each experiment was repeated at least three times 

and the error bars are shown in the plots. The capacities of the adsorbents were determined by the 

saturation points from the D4 adsorption curves. The adsorbents with adsorbed D4 were soaked 

and washed with hexane more than three times until no more siloxanes were removable from the 

adsorbents. Then the extracted siloxanes in hexane were analyzed to study the surface 

polymerization reactions during the adsorption. The polymerization ratio was calculated as the 

total amount of extracted D5, D6, and D7 over the amount of extracted D4 [76].  
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3. SYNTHESIS, OPTIMIZATION, AND CHARACTERIZATION OF 

MESOPOROUS MATERIALS 

3.1 General synthesis method 

A general approach, developed by A.S. Poyraz et al. [3], has been used to synthesis mesoporous 

materials in this study. This method is called sol-gel-based inverse micelle method, where the 

inversed micelles formed by surfactant species serve as nanoreactors. Acid media is used to 

stabilize the inorganic oxo-clusters and 1-butanol is used as interface modifier to hinder the 

condensation of the precursors. After forming the inverse micelle, the inorganic component is 

condensed and oxidized by evaporating the solvent. Then the surfactants are removed by ethanol 

washing. After that, the adsorbed species (NOx and COO) are removed by further heat treatment.  

3.2 Mesoporous iron oxides with different phases 

 Synthesis procedure  

Iron nitrate of 0.01 mol was dissolved in a solution containing 0.12 mol 1-butanol, 0.019 mol nitric 

acid and 2.04×10-4 mol P123 in a 150 mL beaker at room temperature with magnetic stirring [3]. 

Then the clear gel was put in the oven under air at 95 °C for 2-3 hours to synthesize mesoporous 

2-line ferrihydrite and mesoporous α-Fe2O3. The clear gel was placed in the oven at 100 °C under 

air to synthesize mesoporous γ-Fe2O3 and Fe3O4. The obtained powders were washed twice with 

ethanol and then centrifuged. Finally, the powders were dried in a vacuum oven overnight. To 

synthesize mesoporous 2-line ferrihydrite and γ-Fe2O3, the dried powders (as-made samples) were 

heated at 150 °C for 12 hours and then heated at 250 °C for 4 hours under air atmosphere. To 

synthesize mesoporous α-Fe2O3, the dried powders were heated at 150 °C for 12 hours, and then 
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heated at 250 °C for 4 hours, then finally heated at 350 °C for 3 hours under an air atmosphere. To 

synthesize mesoporous Fe3O4, the dried powders were heated at 150 °C for 12 hours and then 

heated at 250 °C for 4 hours under a nitrogen atmosphere. The different parameters which were 

used in the synthesis method are summarized in Table 1. The synthesis processes of each phase of 

iron oxide were repeated at least five times for accuracy and repeatability.  

Table 1: Experimental parameters for various mesoporous iron oxides. 

 

Reaction 

temperature 

Heating cycles 

Heating 

atmosphere 

2-line ferrihydrite 95°C 150°C (12h) - 250°C (4h) Air 

α-Fe2O3 (Hematite) 95°C 150°C (12h) - 250°C (4h) -  350°C (3h) Air 

γ-Fe2O3 (Maghemite) 100°C 150°C (12h) - 250°C (4h) Air 

Fe3O4 (Magnetite) 100°C 150°C (12h) - 250°C (4h) Nitrogen 

 

 Characterization  

High-angle PXRD is used to identify phases and crystallinity of the synthesized iron oxides 

samples (Figure 6 (a)). PXRD patterns of mesoporous α-Fe2O3, γ-Fe2O3, and Fe3O4 match with 

standard PDF cards of hematite (33-0664), maghemite (39-1346), and magnetite (19-0629) 

respectively. In comparison with the literature, XRD patterns of α-Fe2O3, γ-Fe2O3, and Fe3O4 show 

low peak intensities. This indicates low crystallinity of these samples. The PXRD pattern of 2-line 

ferrihydrite (Fe2O3•nH2O) contains two peaks of low intensity appearing at d-spacings of 2.53Å 

(35.4°) and 1.47Å (63.0°), which match patterns of 2-line ferrihydrite very well in the literature 

[100]. For ferrihydrite, a range of compounds with different degrees of structural order exist; these 

compounds are generally named according to the number of broad X-ray peaks which they exhibit: 
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e.g. 2-line and 6-line ferrihydrite [101]. The formula of ferrihydrite has not been fully established 

[101]. Fe5HO8•4H2O and 5Fe2O3•9H2O have been suggested, but the amounts of structural water 

may in fact be less than those indicated in these formulas [101,102]. It was difficult to obtain the 

actual formula of 2-line ferrihydrite in this study. As shown in the TG-MS plot (Figure 30 (a) and 

(f), the weight loss takes place at 150 °C and 300 °C, caused by losing both H2O and CO2. The 

temperature of releasing H2O overlaps with that of losing CO2, which makes the attempt to 

calculate the formula of 2-line ferrihydrite unsuccessful. The crystallinity of mesoporous α-Fe2O3 

was obtained by further heating mesoporous 2-line ferrihydrite at 350 °C. Recent studies from our 

group [3] found that transition metal oxides are amorphous when calcined at a low temperature 

while they become crystalline with different phases when calcined at a higher temperature. 

Patterns of γ-Fe2O3 and Fe3O4 only show differences below 30°. Both γ-Fe2O3 and Fe3O4 are 

inverse spinel structures and the differences between the crystal structures of them are the iron 

valence and the vacancies. Fe3O4 can be formulated as (FeIII)A[FeIIFeIII]BO4 and γ-Fe2O3 can be 

formulated as (FeIII
8)A[FeIII

40/3□8/3]BO32, where A represents tetrahedral sites and B represents 

octahedral sites.  

Figure 6 (b) shows the low-angle diffraction lines for mesoporous iron oxide samples. The low-

angle diffraction line position is 1.35° (6.5 nm) for 2-line ferrihydrite. Since mesoporous α-Fe2O3 

was obtained by further heating 2-line ferrihydrite to 350 °C, the shift of low-angle diffraction 

peak positions of mesoporous α-Fe2O3 to 0.94° (9.4 nm) is attributed to the sintering nature of 

small crystalline nanosize particles [3]. Mesoporous γ-Fe2O3 has a similar low-angle diffraction 

line position to 2-line ferrihydrite which is at 1.35° (6.5 nm). The meso-structures (low-angle 

diffraction line) of mesoporous 2-line ferrihydrite, α-Fe2O3, and γ-Fe2O3 are all very clear. In case 

of Fe3O4, we can only see a shoulder because the position of the line, 0.58° (15.2 nm) is too low 
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to get the full peak. The mesoporous structures of the iron oxides are further confirmed by nitrogen 

sorption.  

   

Figure 6: (a) High-angle and (b) low-angle PXRD patterns of mesoporous iron oxides.  

Nitrogen sorptions and Barrett-Joyner-Halenda (BJH) pore size distributions are shown in Figure 

7 (a) and (b). All iron oxides show characteristic Type-IV adsorption isotherms suggesting that the 

materials preserve the mesoporous structure with different reaction temperatures, heating cycles, 

and heating atmosphere. In addition, these different experimental parameters in the synthesis of 

mesoporous iron oxide show excellent control in the development of pores and phases. Compared 

with 2-line ferrihydrite, mesoporous α-Fe2O3 shows pore expansion, increase in d-spacing, and 

decrease in surface area (Figure 6 (b), Figure 7 (b) and Table 2) caused by nanoparticle sintering 

upon thermal treatment at a higher calcination temperature (350 °C). At a reaction temperature of 

100 °C, γ-Fe2O3 with a final calcination temperature of 250 °C has a similar pore size distribution 

as α-Fe2O3 with a final calcination temperature of 350 °C (Figure 7 (b)). Furthermore, mesoporous 

Fe3O4 has much larger pore size than the other mesoporous iron oxides, including mesoporous α-

Fe2O3 which is further treated at a higher calcination temperature. The detailed structural 

parameters of mesoporous iron oxides are listed in Table 2. UCT materials have a typical unit-cell 



28 

 

expansion behavior upon heat treatment caused by nanoparticle sintering [3,103]. The explanation 

of pore expansion could be that different phases of materials have different tendency of sintering 

on heat treatment. So even after the same calcination cycle at 150 °C for 12 hours and 250 °C for 

4 hours, mesoporous 2-line ferrihydrite, γ-Fe2O3, and Fe3O4 nanocrystals have different extents of 

pore expansion. Mesoporous α-Fe2O3 has larger pore size than mesoporous 2-line ferrihydrite 

because further heat treatment at 350 °C will cause more sintering of nanoparticles.  

  

Figure 7: (a) N2 sorption isotherms (b) BJH pore size distributions for mesoporous iron oxides. 

Table 2: Structure parameters of mesoporous iron oxides. 

 

2-line 

ferrihydrite 

α-Fe2O3 γ-Fe2O3 Fe3O4 

Surface area (m2/g) 258 137 100 75 

Pore size (nm) 2.2 3.4 5.1 7.1 

Pore volume (cm3/g) 0.20 0.19 0.15 0.18 

 

SEM and TEM images of mesoporous iron oxides are shown in Figure 8. SEM, iron oxide 

nanoparticles have the morphology of spherical, hedgehog-like, or pin-cushion aggregates that 

consist of radially oriented nanoparticles. Observed in TEM images, the thorns are formed by small 
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crystalline nanosize particles and pores are formed among these nanosize particles. All TEM 

images are collected at the same magnification. Hence, the effects of experimental parameters on 

pore sizes and aggregation of nanoparticles can be observed. The order of pore sizes of mesoporous 

iron oxides (Fe3O4 > γ-Fe2O3 > α-Fe2O3 > 2-line ferrihydrite) matches that of pore sizes obtained 

from BET pore size distributions. 

 

 

Figure 8: SEM images (top row) and TEM images (bottom row) of mesoporous (a) 2-line ferrihydrite (b) 

α-Fe2O3 (c) γ-Fe2O3 (d) Fe3O4 (scale bars are 200 nm in SEM images and scale bars are 20 nm in TEM 

images). 

Raman spectra of mesoporous 2-line ferrihydrite, α-Fe2O3, γ-Fe2O3, and Fe3O4 are shown in Figure 

9. Raman can detect phase information which can help us confirm the phases of iron oxides. Raman 

spectra of iron oxides match literature spectra [95,104,105] very well. Mesoporous 2-line 

ferrihydrite matches 2-line ferrihydrite in the literature. Peaks in the spectrum of mesoporous α-

Fe2O3 are 228 cm-1, 246 cm-1, 293 cm-1, 411 cm-1, 497 cm-1, 616 cm-1, and 1320 cm-1. Peaks in the 

spectrum of mesoporous γ-Fe2O3 are 352 cm-1, 504 cm-1, 719 cm-1, and 1409 cm-1. Peaks in the 

spectrum of mesoporous Fe3O4 are 352 cm-1, 528 cm-1, and 682 cm-1. The peak shift (676 cm-1 to 
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682 cm-1) [95] of Fe3O4 is attributed to non-equivalent sites or internal strain in the structure. 

[95,104].   

 

Figure 9: Raman spectra of mesoporous 2-line ferrihydrite, α-Fe2O3, γ-Fe2O3, and Fe3O4.  

Figure 10 shows the XANES data of mesoporous 2-line ferrihydrite, α-Fe2O3, γ-Fe2O3, and Fe3O4 

compared with standard iron oxides. From the XANES data, the mesoporous 2-line ferrihydrite, 

α-Fe2O3 match standard α-Fe2O3 very well. Mesoporous γ-Fe2O3 and Fe3O4 match standard γ-

Fe2O3 and Fe3O4 very well. The average oxidation states of mesoporous 2-line ferrihydrite, α-

Fe2O3, γ-Fe2O3, and Fe3O4 are 2.84, 2.77, 2.68, and 2.56 respectively. From the average oxidation 

state, all the mesoporous iron oxides have some oxygen vacancies.  
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Figure 10: XANES data of mesopporous (a) 2-line ferrihydrite, (b) α-Fe2O3, (c) γ-Fe2O3, and (d) Fe3O4 

(dark lines) compared with standard samples (light lines) (a) α-Fe2O3, (b) α-Fe2O3, (c) γ-Fe2O3, and (d) 

Fe3O4.  

Figure 11 presents field-dependent magnetism by VSM of mesoporous γ-Fe2O3 and Fe3O4 

catalysts at 300K. The mesoporous γ-Fe2O3 and Fe3O4 catalysts exhibit superparamagnetic 

behavior [106,107] with saturated magnetization values of 39.8 emu/g and 45.7 emu/g respectively. 

Mesoporous γ-Fe2O3 and Fe3O4 catalysts can be easily recycled by external magnets because of 

their superparamagnetic properties. This is an additional advantage of mesoporous iron oxide 

catalysts.  
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Figure 11: Vibrating sample magnetometer curves of mesoporous γ-Fe2O3 and Fe3O4 at 300 K. 

The picture of the samples (Figure 12) shows that the mesoporous 2-line ferrihydrite, α-Fe2O3, and 

γ-Fe2O3 are dark brown and the mesoporous Fe3O4 is black. The colors of the samples indicate 

mesoporous iron oxides are able to absorb visible light. 

 

Figure 12: Picture of mesoporous (a) 2-line ferrihydrite, (b) α-Fe2O3, (c) γ-Fe2O3, and (d) Fe3O4 materials.  
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3.3 Mesoporous & magnetically recyclable catalysts 

 Synthesis procedure 

Pd/meso-γ-Fe2O3 by impregnation method 

For the synthesis of the mesoporous γ-Fe2O3 support, a solution was prepared by adding 0.01 mol 

iron nitrate, 0.12 mol 1-butanol, 0.019 mol nitric acid, and 2.04×10-4 mol poly(ethylene glycol)-

block-poly(propylene glycol)-block-poly(ethylene glycol) (P123, Mn~5800). The clear solution 

was placed in the oven at 100 °C and then heated to 150 °C for 12 hours and 250 °C for 4 hours 

under an air atmosphere. The freshly made palladium nitrate aqueous solution with the same 

volume as the pore volume of the mesoporous γ-Fe2O3 support was added to mesoporous γ-Fe2O3. 

Then the Pd impregnated mesoporous γ-Fe2O3 was dried at 40 °C for 30 min to remove water and 

heated at 150 °C for 1 hour to remove the nitrate ions. Pd loading amounts on mesoporous γ-Fe2O3 

were 1% and 2% in molar ratio. The catalysts synthesized in this way are written as 1% Pd/meso-

γ-Fe2O3-im and 2% Pd/meso-γ-Fe2O3-im (listed in Table 1). Both catalysts were reduced under 

mild conditions in hydrogen before the reactions.  

Pd/meso-γ-Fe2O3 by one-step sol-gel method 

The palladium nitrate was added in the initial solution which contained 0.01 mol iron nitrate, 

2.04×10-4 mol P123, 0.019 mol nitric acid, and 0.12 mol 1-butanol. All the following synthesis 

steps were the same as those for mesoporous γ-Fe2O3 [3]. Pd loadings of 1% and 2% molar ratio 

were used to synthesize Pd/meso-γ-Fe2O3 following the one-step sol-gel method. These catalysts 

are written as 1% Pd/meso-γ-Fe2O3-os and 2% Pd/meso-γ-Fe2O3-os (listed in Table 1). Both 

catalysts were reduced under mild conditions in hydrogen before the reactions.   
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Other catalysts containing Pd by impregnation method 

Commercial Fe2O3 (non-porous maghemite), mesoporous SiO2, and mesoporous carbon were also 

used as the supports to synthesize Pd-containing catalysts. The Pd impregnation of these materials 

follows the exact same procedures as those of the Pd impregnated mesoporous γ-Fe2O3 catalysts. 

Mesoporous SiO2 and mesoporous carbon were synthesized by the same inversed micelle method 

as the mesoporous mesoporous γ-Fe2O3 [3]. All the catalysts synthesized by the impregnation 

method with these supports were loaded with 1% Pd molar content. These catalysts are written as 

1% Pd/comm-Fe2O3-im, 1% Pd/meso-SiO2-im, and 1% Pd/meso-C-im, respectively (listed in 

Table 1). All the catalysts were reduced under mild conditions in hydrogen before the reactions. 

 Characterization  

Figure 13 shows the low-angle PXRD patterns of mesoporous SiO2, 1% Pd/meso-SiO2-im, 

mesoprous carbon, 1% Pd/meso-C-im, commercial Fe2O3, 1% Pd/comm-Fe2O3-im, mesoporous 

γ-Fe2O3, 1% and 2% Pd/meso-γ-Fe2O3-im, and 1% and 2% Pd/meso-γ-Fe2O3-os catalysts. 

Mesoporous SiO2, mesoporous carbon, and mesoporous γ-Fe2O3 catalysts show peaks in the low-

angle PXRD patterns, reflecting meso-structures of these catalysts. After synthesis of Pd-

containing catalysts using impregnation and one-step sol-gel methods, all the catalysts still show 

peaks in low-angle PXRD patterns, indicating that after impregnating or doping Pd into the 

mesoporous supports, the supports still maintain a meso-structure. The d-spacings of mesoporous 

SiO2, mesoporous carbon, mesoporous γ-Fe2O3 are 38Å (2.30°), 54Å (1.65°), and 41Å (2.14°), 

respectively. After Pd impregnation, the d-spacings of 1% Pd/meso-SiO2-im and 1% Pd/meso-C-

im catalysts shift to 23 Å (3.83°) and 24 Å (3.71°) while the peak positions of 1% and 2% Pd/meso-

γ-Fe2O3-im catalysts do not change much. Although the peak positions of 1% and 2% Pd/meso-γ-



35 

 

Fe2O3-im catalysts in the low-angle PXRD patterns remain relatively unaffected, the change of the 

shape of peaks indicates that the impregnation of Pd nanoparticles has an impact on the structure 

of mesoporous γ-Fe2O3. The 1% and 2% Pd/meso-γ-Fe2O3-os catalysts both show peaks at a d-

spacing of 41 Å (2.15°) in the low-angle PXRD patterns.  
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Figure 13: Low-angle PXRD patterns of (a) mesoporous SiO2 and 1% Pd/meso-SiO2-im, (b) mesoporous 

carbon and 1% Pd/meso-C-im, (c) commercial Fe2O3 and 1% Pd/comm-Fe2O3-im, (d) mesoporous γ-Fe2O3, 

1%, and 2% Pd/meso-γ-Fe2O3-im, and (e) mesoporous γ-Fe2O3, 1% and 2% Pd/meso-γ-Fe2O3-os catalysts. 

Figure 14 shows the high-angle PXRD patterns of mesoporous SiO2, 1% Pd/meso-SiO2-im, 

mesoprous carbon, 1% Pd/meso-C-im, mesoporous γ-Fe2O3, 1% and 2% Pd/meso-γ-Fe2O3-im, and 

1% and 2% Pd/meso-γ-Fe2O3-os catalysts. Mesoporous SiO2 and mesoporous carbon show broad 

peaks at 23.1° and 22.8°, respectively. After 1% Pd impregnation, a weak peak at 2θ=33.8° is 

observed in the high-angle PXRD pattern of mesoporous SiO2, which matches well with PdO 

(standard PDF card 02-1432). After 1% Pd impregnation, weak peaks at 2θ=33.8°, 42.3°, 55.2°, 

61.0°, and 72.2° are observed in the high-angle PXRD pattern of mesoporous carbon, which also 

match well with PdO. The 1% and 2% Pd/meso-γ-Fe2O3 catalysts synthesized using the 

impregnation and one-step sol-gel methods match with maghemite (standard PDF card 39-1346) 

very well. The palladium peaks are too small to be observed in the high-angle PXRD patterns of 

Pd/meso-γ-Fe2O3 catalysts synthesized using the impregnation and one-step sol-gel methods. 

Using the Scherrer equation and the broadening of the (220), (311), (400), (422), (511), and (440) 

reflections, the particle sizes of 1% Pd/comm-Fe2O3-im, 1% Pd/meso-γ-Fe2O3-im, 2% Pd/meso-

γ-Fe2O3-im, 1% Pd/meso-γ-Fe2O3-os, 2% Pd/meso-γ-Fe2O3-os catalysts are 25.8 nm, 11.9 nm, 

11.9 nm, 12.8 nm, and 8.1 nm, respectively. The particle sizes of 1% Pd/meso-SiO2-im and 1% 

Pd/meso-C-im catalysts are not available because of their amorphous nature shown in high-angle 

PXRD patterns.  
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Figure 14: High-angle PXRD patterns of (a) mesoporous SiO2 and 1% Pd/meso-SiO2-im, (b) mesoporous 

carbon and 1% Pd/meso-C-im, (c) commercil Fe2O3 and 1% Pd/comm-Fe2O3-im, (d) mesoporous γ-Fe2O3, 

1%, and 2% Pd/meso-γ-Fe2O3-im, and (e) mesoporous γ-Fe2O3, 1% and 2% Pd/meso-γ-Fe2O3-os catalysts. 

(The planes in (a) and (b) refer to the reflections of PdO; the planes in (c), (d), and (e) refer to the reflections 

in maghemite.)  
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Table 3 lists the surface area and porosity of mesoporous SiO2, 1% Pd/meso-SiO2-im, mesoprous 

carbon, 1% Pd/meso-C-im, commercial Fe2O3, 1% Pd/comm-Fe2O3-im, mesoporous γ-Fe2O3, 1% 

and 2% Pd/meso-γ-Fe2O3-im, and 1% and 2% Pd/meso-γ-Fe2O3-os catalysts. The surface areas of 

1% Pd/meso-SiO2-im and 1% Pd/meso-C-im catalysts decrease after Pd impregnation compared 

with the original mesoporous SiO2 and carbon. The pore sizes of 1% Pd/meso-SiO2-im and 1% 

Pd/meso-C-im also changed after Pd impregnation compared with original mesoporous SiO2 and 

mesoporous carbon due to the impregnation of palladium. The surface area, pore size, and pore 

volume of 1%, 2% Pd/meso-γ-Fe2O3-im and 1% Pd/meso-γ-Fe2O3-os catalysts are similar to the 

original mesoporous γ-Fe2O3 catalyst. The 1% and 2% Pd/meso-γ-Fe2O3-os catalysts have larger 

surface areas and pore volumes than the intrinsic mesoporous γ-Fe2O3 catalyst. The 2% Pd/meso-

γ-Fe2O3-os catalyst has a larger pore size than 1% Pd/meso-γ-Fe2O3-os and intrinsic mesoporous 

γ-Fe2O3 catalysts. The BET isotherms of these catalysts are shown in Figure 15. All the N2 

isotherms of mesoporous samples before and after Pd loadings are Type IV isotherms, which 

indicate the mesoporosity of the structures.  
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Figure 15: BET isotherms of (a) mesoporous SiO2 and 1% Pd/meso-SiO2-im, (b) mesoporous carbon and 

1% Pd/meso-C-im, (c) commercial Fe2O3 and 1% Pd/comm-Fe2O3-im, (d) mesoporous γ-Fe2O3, 1%, and 

2% Pd/meso-γ-Fe2O3-im, and (e) 1% and 2% Pd/meso-γ-Fe2O3-os catalysts. (The blue lines in (c), (d), and 

(e) are offset 20 cm3/g each and green line in (d) is offset 40 cm3/g)  

Table 3: The structural parameters of catalysts containing Pd by the impregnation and one-step sol-gel 

methods.  

 
Surface area 

(m2/g ) 

Pore size  

(Å) 

Pore volume 

(cm3/g) 

Mesoporous SiO2 442 18 0.01 

1% Pd/meso-SiO2-im 27 27 0.03 

Mesoporous Carbon 424 32 0.04 

1% Pd/meso-C-im 41 20 0.03 

Commercial Fe2O3 26 - - 

1% Pd/comm-Fe2O3-im 26 - - 

Mesoporous γ-Fe2O3 99 54 0.14 

1% Pd/meso-γ-Fe2O3-im 95 52 0.13 

2% Pd/meso-γ-Fe2O3-im 99 56 0.14 

1% Pd/meso-γ-Fe2O3-os 105 56 0.16 
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2% Pd/meso-γ-Fe2O3-os 118 71 0.23 

- Not available  

Figure 16 shows the TEM images of 1% Pd/meso-SiO2-im, 1% Pd/meso-C-im, 1% Pd/comm-

Fe2O3-im, 1% and 2% Pd/meso-γ-Fe2O3-im, and 1% and 2% Pd/meso-γ-Fe2O3-os catalysts. The 

support of the Pd/meso-γ-Fe2O3 catalyst is spherical, “hedgehog-like”, or “pin-cushion” 

aggregates that consist of radially oriented nanoparticles. In circled areas of the TEM images, 

Pd/Fe or Pd/Si or Pd/C ratios are different from the ratios in bulk areas. The Pd/Fe or Pd/Si or Pd/C 

ratios of circled areas and bulk from EDX spectra are listed in Table 4. The dispersion of Pd 

nanoparticles in the mesoporous γ-Fe2O3 matrix can be observed by TEM images at the thin region 

of the sample (Figure 40) and the dark spots are proved to be Pd nanoparticles by the inserted 

HRTEM image. The bulk Pd/Fe ratios of 1% Pd/comm-Fe2O3-im, 1% and 2% Pd/meso-γ-Fe2O3-

im, and 1% and 2% Pd/meso-γ-Fe2O3-os catalysts are 0.026, 0.023, 0.054, 0.024, and 0.048, 

respectively. The bulk Pd/Fe2O3 ratios of 1% Pd/comm-Fe2O3-im, 1% and 2% Pd/meso-γ-Fe2O3-

im, and 1% and 2% Pd/meso-γ-Fe2O3-os catalysts are 0.013, 0.012, 0.027, 0.012, and 0.024, 

respectively. So the actual Pd concentrations in these five catalysts are close to Pd concentrations 

we used for synthesis.  
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Figure 16: TEM images of (a) 1% Pd/meso-SiO2-im, (b) 1% Pd/meso-C-im, (c) 1% Pd/comm-Fe2O3-im, 

(d) 1% Pd/meso-γ-Fe2O3-im, (e) 2% Pd/meso-γ-Fe2O3-im, (f) 1% Pd/meso-γ-Fe2O3-os, and (g) 2% 

Pd/meso-γ-Fe2O3-os catalysts. (scale bar 20 nm).  

Figure 17 shows XPS spectra of the Pd 3d region of 1% Pd/meso-SiO2-im, 1% Pd/meso-C-im, 1% 

Pd/comm-Fe2O3-im, 1% and 2% Pd/meso-γ-Fe2O3-im, and 1% and 2% Pd/meso-γ-Fe2O3-os 

catalysts after the in-situ reduction. To analyze XPS spectra, the peaks were deconvoluted to all 

the possible Pd species, like Pd, PdO, PdO2, Pd(NO3)2, or combinations of these possible Pd 

species. The most reasonable peak fittings are shown in Figure 17. From the deconvolution of the 

curves, the most possible species existing in the catalysts after in-situ reduction is Pd(0). The 

spectra show two main peaks at around 335.5 eV and 340.7 eV, which can be ascribed to Pd 3d5/2 

and Pd 3d3/2, respectively. The Pd/Fe ratios from XPS survey that give the surface compositions 

of catalysts are listed in Table 2. The Pd/Fe ratios on the surface of 1% Pd/comm-Fe2O3-im, 1% 

and 2% Pd/meso-γ-Fe2O3-im, and 1% Pd/meso-γ-Fe2O3-os catalysts are similar to the bulk. Only 

for 2% Pd/meso-γ-Fe2O3-os catalyst is the Pd/Fe ratio on the surface much higher than that in the 

bulk.  
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Figure 17: XPS spectra of Pd 3d region of (a) 1% Pd/meso-SiO2-im, (b) 1% Pd/meso-C-im, (c) 1% 

Pd/comm-Fe2O3-im, (d) 1% Pd/meso-γ-Fe2O3-im, (e) 2% Pd/meso-γ-Fe2O3-im, (f) 1% Pd/meso-γ-Fe2O3-

os, and (g) 2% Pd/meso-γ-Fe2O3-os catalysts after in-situ reduction. 

Table 4: Pd/Fe ratio or Pd/Si or Pd/C a by EDX and XPS survey 

 Circled area b Bulk b Surface d 

1% Pd/meso-SiO2-im 17.8 0.029 - 

1% Pd/meso-C-im - 0.112 c - 

1% Pd/comm-Fe2O3-im - 0.026 0.012 

1% Pd/meso-γ-Fe2O3-im - 0.023 0.011 

2% Pd/meso-γ-Fe2O3-im 0.179 0.054 0.051 

1% Pd/meso-γ-Fe2O3-os 0.213 0.024 0.029 

2% Pd/meso-γ-Fe2O3-os 0.106 0.048 0.219 

a Pd/Fe ratio applies to 1% Pd/comm-Fe2O3-im, 1% Pd/meso-γ-Fe2O3-im, 2% Pd/meso-γ-Fe2O3-im, 1% Pd/meso-γ-

Fe2O3-os, and 2% Pd/meso-γ-Fe2O3-os catalysts; Pd/Si ratio applies to 1% Pd/meso-SiO2-im. Pd/C ratio applies to 1% 

Pd/meso-C-im catalyst.  
b “Circled area and bulk” refer to different regions in TEM images and both ratios were obtained from EDX detector 

which is attached TEM.  
c Pd/C ratio of 1% Pd/meso-C-im is obtained with an EDX detector attached to a scanning electron microscope by 

putting the sample on a copper tape. This ratio is for reference only, because it can be affected by the environment.  
d Surface composition ratio was obtained from XPS survey analysis. The surface compositions of 1% Pd/meso-SiO2-

im and 1% Pd/meso-C-im catalysts are not available because of the low signal to noise ratio of Pd in these two samples.  
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- Not available.  

Figure 18 shows magnetization hysteresis loops obtained at 300 K for mesoporous γ-Fe2O3, 1% 

Pd/meso-γ-Fe2O3-im, 2% Pd/meso-γ-Fe2O3-im, 1% Pd/meso-γ-Fe2O3-os, and 2% Pd/meso-γ-

Fe2O3-os catalysts. The saturated magnetization values of 1% and 2% Pd/meso-γ-Fe2O3-im 

catalysts are 51.3 emu/g and 50.8 emu/g, respectively. The saturated magnetization values of 1% 

and 2% Pd/meso-γ-Fe2O3-os catalysts are 46.0 emu/g and 48.0 emu/g, respectively. For 

comparison, the saturation magnetization for mesoporous γ-Fe2O3 is 52.4 emu/g. The 

magnetization curves show no remanence or coercivity at 300 K (room temperature), suggesting 

superparamagnetic behavior required for magnetic separation [108].  

 

Figure 18: Magnetization hysteresis loops obtained at 300 K for: (a) mesoporous γ-Fe2O3, (b) 1% Pd/meso-

γ-Fe2O3-im, (c) 2% Pd/meso-γ-Fe2O3-im, (d) 1% Pd/meso-γ-Fe2O3-os, and (e) 2% Pd/meso-γ-Fe2O3-os 

catalysts. The absence of remanence and coercivity at room temperature is necessary for magnetic 

separation.   
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3.4 Mesoporous aluminosilicate adsorbents 

 Synthesis procedure 

Mesoporous aluminosilicates were synthesized by the sol-gel-based inverse micelle method. 

Tetraethylorthosilicate (0.02 mol) and aluminum nitrate (Si:Al=5, 10, and 20 molar ratio) were 

dissolved in a solution containing 0.188 mol (14 g) of 1-butanol, 0.022 mol (2 g) of HNO3, and 2 

g of P123 surfactant at room temperature under magnetic stirring. Then, the obtained clear gel was 

placed in an oven at 120 °C for 4 hours. Lastly, the obtained transparent yellow film was placed 

in a calcination cuvette and calcined in air at 550 °C for 4 hours at the heating rates of 1 °C/min, 

5 °C/min, and 10 °C/min. The samples were taken out of the furnace right after 4 hours calcination. 

A constant heating rate of 2 °C/min and a constant Si:Al ratio of 5 were maintained when different 

aluminum dopant amounts and different calcination heating rates were studied, respectively. The 

mesoporous aluminosilicates synthesized by this sol-gel based inverse micelle method are 

nanoparticle aggregations [3].  

 Characterization 

All the synthesized mesoporous aluminosilicates show peaks at 2θ=0.8~2° in low-angle PXRD 

patterns, reflecting their meso-structure (Figure 19 (a, b)). The mesoporous aluminosilicates with 

Si:Al ratios of 10 and 20 have similar d-spacing of ~48 Å, while the aluminosilicate with a Si:Al 

ratio of 5 has a d-spacing of 80 Å. The aluminum is chosen to be the dopant metal due to similar 

atomic size with silica and can change the basicity of the adsorbents. Moreover, the mesoporous 

aluminosilicates with 1 °C/min, 5 °C/min, and 10 °C/min calcination heating rates have d-spacings 

of 100 Å, 75 Å, and 65 Å, respectively. Since the mesoporous aluminosilicates are synthesized 

from inverse micelles, the pores of mesoporous aluminosilicates are actually formed from the 
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voids among the inverse micelles. The d-spacing at the low-angle range of XRD correlates with 

the size of voids in the materials. Thus, the d spacing can reflect the pore size of the material to 

some extent [3,93,94,109,110]. The observation that the aluminosilicate with a larger amount of 

aluminum dopant has a larger d-spacing means that the aluminum dopant can possibly enlarge the 

pore size of the mesoporous aluminosilicate. However, the prediction of the pore size by d-spacing 

can not be applied to the mesoporous aluminosilicates synthesized under different calcination 

heating rates, since the calcination heating rate can change the atomic ordering of the SiO2 structure 

[111]. The accurate pore sizes and pore size distributions of the mesoporous aluminosilicates are 

measured by nitrogen sorption. All the aluminosilicates have broad and low intensity peaks at 

2θ=23.1° (d-spacing=3.8Å) in the high-angle PXRD patterns (Figure 19 (c, d)), reflecting their 

low crystallinity properties.  
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Figure 19: Low-angle PXRD patterns and high-angle PXRD patterns of mesoporous aluminosilicates with 

different aluminum dopant amounts (a, c) and different calcination heating rates (b, d).  

Nitrogen adsorption/desorption analyses were performed to study the effect of aluminum dopant 

amounts and calcination heating rates on the textural properties of the adsorbents. Figure 20 shows 

the BET isotherms and cumulative pore volume distributions of the synthesized mesoporous 

aluminosilicates. Except for the isotherm of aluminosilicate with Si:Al ratio of 20, all the isotherms 

are “Type I-like” isotherms [112], indicative of both microporous and mesoporous characteristics 

[113]. According to NIST [114], these materials can be considered as mesoporous materials, even 

though the isotherms are “Type I-like” isotherms [115,116]. For a better discussion, detailed 

textural parameters of mesoporous aluminosilicates obtained from nitrogen sorptions are 
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summarized in Table 5. The morphology of the synthesized mesoporous aluminosilicates was 

shown in the SEM images (Figure 21).  

 

Figure 20: BET isotherms and cumulative pore volume distributions of mesoporous aluminosilicates with 

different aluminum dopant amounts (a, c) and different calcination heating rates (b, d). 
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Figure 21: SEM images of mesoporous aluminosilicates with (a) Si:Al=5, (b) Si:Al=10, (c) Si:Al=20, (d) 

1 °C/min heating rate, (e) 5 °C/min heating rate, and (f) 10 °C/min heating rate. (Scale bars are 20 μm.) 

When the aluminum dopant amount increases, the external surface area and mesopore volume of 

the mesoporous aluminosilicates increase. Since UCT mesoporous materials are nanoparticle 

aggregates, introducing heteroatoms (such as aluminum) in the mesoporous materials during the 

sol-gel synthesis process leads to an increase in surface area [109,117], because the heteroatoms 

can prevent the nanoparticles from aggregating during the calcination. This explains the increased 

external surface area (the area of the particle outer surface, taken into account the roughness) as 

the aluminum content increases. At the same time, prevention of nanoparticle aggregation will also 

help preserve the mesopore volume of the mesoporous aluminosilicate since the mesopores 

synthesized by the sol-gel based inverse micelle method are actually formed in the space between 

the nanoparticles.  
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The decrease of the surface area due to large aluminum content was observed by Xia and Mokaya 

[118] during synthesis of MCM-48 using hydrothermal methods. The incorporation of Al into the 

mesostructured silica framework changed the structural ordering of the material, resulting in partial 

loss of the mesoporous structure. In contrast, our materials were synthesized by solvent 

evaporation. The aluminum dopants stayed between nanoparticles as heteroatoms rather than 

incorporate into the silica framework. During the calcination process, on one hand, the aluminum 

content prevented the aggregation of nanoparticles, which preserved the external surface area; on 

the other hand, the aluminum content blocked micro/mesopore channels [119], which decreased 

the micropore surface area. Therefore, overall, with the increased aluminum content, the BET 

surface area of our materials (sum of external surface area and micropore surface area) first 

increased and then decreased. This observation is consistent with the literature [120,121]. 

Moreover, the pores of our mesoporous materials were formed among the voids of nanoparticles. 

Thus, prevention of aggregation of nanoparticles by higher aluminum content could help preserve 

the pores of the materials, forming pores of larger size. The first increase and then decrease of total 

pore volume (sum of mesopore volume and micropore volume) with the increased aluminum 

dopant is attributed to the same phenomenon.   

Table 5: Textual properties and D4 adsorption capacity of mesoporous aluminosilicates.  

Heating 

rate 

(°C/mi

n) 

Si:Al 

ratios* 

BET 

surface 

area 

(m2/g) 

External 

surface 

area 

(m2/g) 

Micropor

e surface 

area 

(m2/g) 

Total 

pore 

volume 

(cm3/g) 

Vmeso 

(cm3/g

) 

Vmicro 

(cm3/g

) 

Ave. 

pore 

size 

(Å) 

Crystal

line 

size 

(Å)** 

Capacities 

(mg D4/g 

adsorbents) 

2 5 (5.50) 424 309 115 0.209 0.115 0.151 20.5 74.9 77.0 ± 3.70 

2 
10 

(15.1) 
454 237 216 0.214 0.077 0.172 19.7 77.9 62.3 ± 3.85 

2 
20 

(25.9) 
313 38 275 0.142 0.013 0.141 19.0 71.3 10.3 ± 0.93 

1 5 (5.11) 391 219 171 0.190 0.081 0.146 20.2 74.9 28.1 ± 0.93 

5 5 (4.98) 433 327 106 0.216 0.125 0.153 20.8 78.1 88.2 ± 2.58 
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* The numbers in the brackets are the actual ratios in the products determined by EDX.    

** Calculated by Scherrer’s equation. 

The calcination heating rate can significantly affect the surface, chemical, and textural properties 

of the porous materials during the calcination process [122]. In this study, when the calcination 

heating rate increases, the BET surface area, the external surface area, the total pore volume, the 

mesopore volume, and the micropore volume all increase (Figure 20 (d) and Table 5). This 

observation is consistent with Bagshaw and Bruce’s work [111], which concluded that the surface 

area, pore size, and pore volume of non-ionically PEO type surfactant templated materials (SBA-

15 and MSU-X) can be increased by a fast calcination heating rate. This is probably caused by the 

heat released in the early stages of the combustion of oxygen rich P123 surfactant during the 

calcination (template removal step) [123]. The fast calcination heating rate causes the sample 

temperature to rise rapidly during the combustion of the template, producing excessive heat within 

a short time [111]. The released heat in a short time could cause the structural rearrangement, 

which will change the atomic ordering of the SiO2 structure [111].  

 

  

10 5 (5.09) 533 341 191 0.261 0.135 0.172 21.8 73.5 
104.5 ± 

1.71 
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4. APPLICATION OF MESOPOROUS IRON OXIDES WITH DIFFERENT 

PHASES ON PHOTOCATALYTIC DYE DEGRADATION 

4.1 Catalyst performance test 

Figure 22 shows the adsorption capabilities of mesoporous iron oxides, compared with that of 

commercial Fe2O3. The average adsorption capability of commercial Fe2O3 is 21.1 mg/g. The 

greatest adsorption capability (49.3 mg/g) is found on mesoporous 2-line ferrihydrite. All of the 

mesoporous iron oxides have greater adsorption capability than the commercial iron oxide because 

of the large surface area of mesoporous Fe2O3. The adsorption capability of γ-Fe2O3 is similar to 

that of commercial Fe2O3. Furthermore, the adsorption capability of α-Fe2O3 and Fe3O4 is 50% 

more than that of commercial Fe2O3. In addition, the adsorption capability of 2-line ferrihydrite is 

more than twice that of the commercial Fe2O3. All these results prove that the mesoporous iron 

oxides synthesized by the sol-gel-based inverse micelle method have greater adsorption capability 

for orange II than commercial Fe2O3.   

 

Figure 22: Adsorption capabilities of mesoporous 2-line ferrihydrite, α-Fe2O3, γ-Fe2O3, Fe3O4, and 

commercial Fe2O3.  
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Figure 23 shows the dye degradation efficiency with different mesoporous iron oxide compared 

with commercial iron oxide and catalyst free conditions under visible light in presence of H2O2. 

Without catalysts, the dyes can be slightly degraded by H2O2 under irradiation of visible light. 

Without H2O2, the dyes can only be adsorbed rather than be degraded by the catalysts under 

irradiation of visible light. After 8 hours, no more than 30% of dyes were degraded. In Figure 23, 

the rate constant of reaction without iron oxide catalysts was very slow compared to that with 

catalytic reactions. All the mesoporous 2-line ferrihydrite, α-Fe2O3, γ-Fe2O3, and Fe3O4 have 

higher rate constant than commercial Fe2O3. The commercial Fe2O3 catalysts can only degrade 

about 70% of the dye after 8 hours reaction. With mesoporous 2-line ferrihydrite, α-Fe2O3, and γ-

Fe2O3 catalysts, 100% of dyes can be degraded within 8 hours of reaction time. Among them, the 

mesoporous 2-line ferrihydrite was the most efficient catalyst. This catalyst can achieve 100% 

degradation of dyes within 3 hours. Mesoporous γ-Fe2O3 can degrade the dyes completely within 

5 hours. The half-life of the dyes which are catalyzed by commercial Fe2O3 is 3 hours whereas the 

half-life of the dyes which were catalyzed by mesoporous α-Fe2O3 is 2 hours. In the case of the 

mesoporous Fe3O4 catalyst, there is a small platform at the beginning of the reaction, as shown in 

Figure 23. In the first 2 hours of the reaction, the dye contents change very little with only 5% 

degraded. After an 8 hour reaction, mesoporous Fe3O4 is able to degrade 80% of orange II dyes.  

Figure 24 shows the pseudo-first-order kinetic plot of dye degradation reactions by mesoporous 

iron oxides. The corresponding apparent reaction rate constants of dye degradation reactions with 

iron oxides catalysts are listed in Table 6. The apparent rate constant of α-Fe2O3 is twice as much 

as that of commercial Fe2O3 and apparent rate constant of γ-Fe2O3 is four times as much as that of 

commercial Fe2O3. Moreover, the apparent rate constant of 2-line ferrihydrite is six times more 

than that of commercial Fe2O3. These catalysts are much more efficient than commercial Fe2O3 in 
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catalyzing dye degradation of orange II. The turnover frequency (TOF) is defined as the number 

of molecules of a given product per catalytic site per unit time. Unit surface area of catalyst is used 

to represent the number of active sites for the calculation of the TOF [124]. Calculated TOF’s of 

iron oxides catalysts are also listed in Table 6.  

 

Figure 23: Dye degradation effects by different mesoporous iron oxides.  
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Figure 24: Pseudo-first-order kinetics plot of degradation of orange II by mesoporous iron oxides.  

Table 6: First-order kinetic parameters for degradation reactions by mesoporous iron oxides and turnover 

frequencies of catalysts. 

Catalysts k* (min-1) R2 
Turnover frequencies** 

×10-7 mol/(m2/g*h) 

2-line ferrihydrite 0.0258 0.930 1.260 

α-Fe2O3 0.0082 0.992 0.888 

γ-Fe2O3 0.0137 0.961 1.960 

Fe3O4 0.0037 0.952 1.375 

Commercial Fe2O3 0.0040 0.998 4.236 

Catalyst free 0.0006 0.970 N/A 

* Apparent rate constant  

** Turnover frequency is expressed as (# dye reacted)/(unit surface area)(unit time) 

4.2 Stability and recyclability of mesoporous iron oxide catalysts  

The performance of recycled mesoporous 2-line ferrihydrite was tested by repeating the catalytic 

degradation of orange II over mesoporous 2-line ferrihydrite/visible light/H2O2 system for 4 times, 

as shown in Figure 25. The recycle experiments show that the performance of the mesoporous 2-

line ferrihydrite catalysts can remain almost unchanged after at least three cycles of degradation 

reactions. High-angle PXRD pattern of used catalyst shows amorphous nature of catalysts. The 

appearance of the peak in the low-angle PXRD pattern of the used catalyst indicates that the used 

catalyst still maintains the meso-structure after the 4th run, as shown in Figure 26 (b). However, 

the peak in the low-angle PXRD patterns of the used catalyst shifts to lower angles, which means 

the d-spacing of the used catalyst is larger than the fresh catalyst. The structural change of the 

catalyst could be possibly caused by the residue of carboxyl groups on the surface [3]. For the high 

angle PXRD patterns, the used catalyst maintains the amorphous nature after the 4th run of the 

reaction (Figure 26 (a)). Combining the results from Figure 25 and Figure 26, although, in the 4th 
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cycle, some degree of activity decay of the catalyst appears at the end of the dye degradation 

reaction, the overall performance of the mesoporous 2-line ferrihydrite catalyst is good in terms of 

stability during the first three cycle, which is further confirmed by HRTEM (Figure 27).  

 

Figure 25: Performance of recycled mesoporous 2-line ferrihydrite catalysts. 

  

Figure 26: (a) High-angle and (b) low-angle PXRD patterns of recycled mesoporous 2-line ferrihydrite. 
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Figure 27: HRTEM image of the mesoporous 2-line ferrihydrite after the 4th cycle of reaction.  

4.3 Intermediates of reaction 

The initial pH of solution is the intrinsic pH of orange II solution (8.4). However, the pH of the 

reaction solution is changed during both adsorption in the dark and the reaction. From Figure 28, 

after adsorption in the dark overnight, the pH values of solutions with Fe3O4 and 2-line ferrihydrite 

decrease significantly to 6.1 and 6.0, respectively, whereas the pH values of solutions with α-Fe2O3, 

γ-Fe2O3, and commercial Fe2O3 decrease only a little to 8.2, 8.2, and 8.0 respectively. Overall, 

during the degradation reaction of orange II, the pH values of reaction solutions have a decreasing 

tendency regardless of iron oxide catalyst types and properties. For experiments with 2-line 

ferrihydrite, the pH of the solution drops dramatically to 4.4 as soon as the degradation reaction 

time reaches 0.5 hour. During the process of degradation, the pH of the solution with 2-line 

ferrihydrite is always the lowest. After the reactions, the pH of mesoporous Fe3O4 changes from 
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6.1 to 4.4, while the pH values of solutions with α-Fe2O3, γ-Fe2O3, and commercial Fe2O3 drop to 

6.1, 5.1, and 5.3, respectively. The drop of pH caused by degradation products is consistent with 

the literature[33].  

 

Figure 28: pH values of reaction solutions on different mesoporous iron oxides. 

ESI/MS characterization of the reaction solutions catalyzed by 2-line ferrihydrite and commercial 

Fe2O3 are shown in Figure 29 (a) and (b), respectively. The degradation reaction of orange II 

usually starts from hydroxyl radicals attacking -N=N- functional groups. So the intermediate 

products after the first step dye degradation reaction are fragments with m/z 187 and 157. A large 

amount of 50-150 m/z fragments appearing right after reaction begins (0.5 hour) with 2-line 

ferrihydrite while with commercial Fe2O3, they appear at the half time of the reaction (4 hours). In 

addition, in Figure 29 (a), the initial fragment from orange II (m/z=327) disappears after 1 hour 

reaction time and the fragment (m/z=187, contains a naphthalene ring) after the first step 

degradation disappears after 2.5 hour reaction time. However, in Figure 29 (b), with commercial 
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Fe2O3, the initial fragment from orange II (m/z=327) does not disappear until the end of the reaction. 

When the dye degradation reaction is catalyzed by mesoporous 2-line ferrihydrite, large m/z 

fragments with the aromatic rings after the first-step degradation are quickly reacted to produce 

other small m/z compounds (appears from the very beginning of the degradation reaction) by 

possible reactions of being attacked by hydroxyl radicals. In summary, mesoporous iron oxides 

show better performance than commercial Fe2O3, not only on the aspect of higher reaction rate 

constant but also being able to quickly degrade dyes into smaller species by breaking aromatic 

rings. 

  

Figure 29: ESI/MS plots of reaction solutions over (a) mesoporous 2-line ferrihydrite and (b) commercial 

Fe2O3. (The intensity of each plot has been adjusted to the same scale.) 
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4.4 Discussion 

 Structure of mesoporous catalysts 

During the synthesis of mesoporous iron oxides, reaction temperature is a critical parameter, since 

inverse micelle formed by surfactant species serves as a nanoreactor in our sol-gel-based inverse 

micelle method [3]. At a higher reaction temperature, the formation of carboxyl groups from the 

surfactant has the possibility of resulting in partially deforming the inverse micelles. According to 

this, when higher reaction temperature (100 °C) is used for synthesizing mesoporous γ-Fe2O3, the 

pore volume of γ-Fe2O3 is smaller than that of 2-line ferrihydrite due to decomposition of 

surfactants. This explains the result of Figure 7 (a), where γ-Fe2O3 shows only a small hysteresis 

loop. The uniformity of the nanocrystalline distribution is achieved through a short nucleation 

period that produces all the particles obtained at the end of the reaction.  

During the synthesis procedure, for the late transition metal oxides such as Mn, Fe, and Co, the 

adsorbed NOx and carboxyl species on the materials are concerns for these systems because they 

have the possibility of forming multiple oxidation states [3]. In our iron oxide case, the as-

synthesized iron oxides possibly have an in-situ redox reaction with NOx and carboxyl species at 

a higher reaction temperature (100 °C) because of increased oxidation potential of NOx and 

carboxyl species when the temperature is increased. On the other hand, at a lower reaction 

temperature (95 °C), there would be less chance for the redox reaction to take place which could 

form iron (III) oxide with higher oxidation states. Higher reaction temperatures such as 105 °C 

and 110 °C have also been tried during the experiment. However, these temperatures were not 

adopted because there was greater chance for the reaction gel to dangerously splash out when the 

reaction almost reached the end. When heated in a nitrogen atmosphere, Fe(II) species could be 
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kept to form Fe3O4 while Fe(II) species were oxidized back to a higher valence when calcined at 

250 °C in an air atmosphere. The formation of different phases of iron oxide nanoparticles has 

been observed in the literature [125,126] during low temperature sol-gel syntheses. In order to 

obtain more information about the surface hydroxyl and carboxyl groups, TG-MS analyses of all 

the synthesized mesoporous materials and commercial Fe2O3 were performed and are shown in 

Figure 30. Although carboxyl groups on mesoporous iron oxides can be mostly removed by 

heating at 150 °C for 12 h and followed by heating at 250 °C for 4 h [3], some residues of carboxyl 

groups are observed on mesoporous 2-line ferrihydrite and Fe3O4. These residues of carboxyl 

groups may cause the structure of mesoporous 2-line ferrihydrite and Fe3O4 materials to be 

unstable while the structure of mesoporous α-Fe2O3, γ-Fe2O3 and commercial Fe2O3 may not be 

affected by carboxyl group residues.  
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Figure 30: TG-MS analyses of mesoporous (a) 2-line ferrihydrite (b) α-Fe2O3 (c) γ-Fe2O3 (d) Fe3O4 (e) 

commercial Fe2O3 (f) 2-line ferrihydrite. (The temperature profile of (f) is different than (a)-(e) and it is 

drawn in Figure S1(f).) 

 Adsorption properties  

The adsorption capacities (mg dye/g catalyst) of mesoporous iron oxides in this study are greater 

than commercial Fe2O3 (shown in Figure 22) mainly due to the large surface area of mesoporous 

iron oxide. The mesoporous iron oxides synthesized in this study with small crystalline 

nanostructure could have more than three times adsorption capability of orange II compared with 

those (~17.5 mgL-1) synthesized using conventional precipitation methods, when the orange II 

concentration was around 0.1 mM [127]. Furthermore, the adsorption capability of orange II would 

become even higher when the pH (pH=8.4 in this study) is adjusted to be as low as what is used 

in the literature (pH=6.5) [128]. Other competitive catalysts come from flower-like α-Fe2O3, γ-

Fe2O3, and Fe3O4 with 3D ordered nanostructures, which were also synthesized by a self-assembly 

process. They could perform an average removal capacity of around 43.5 mg orange II g-1 [125]. 

The experiments in this study show that the average adsorption capability of mesoporous α-Fe2O3 

is 37.5 mg orange II g-1; that of mesoporous 2-line ferrihydrite is 49.3 mg/g. Both of them are 

comparable with literature values. But the adsorption capability of γ-Fe2O3 and Fe3O4 are lower 
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than the average removal capacity from the literature. The adsorption capability of iron oxides 

synthesized in this study is roughly in agreement with and can be generally reflected by the trend 

in surface area as reported in the literature.  

The adsorption mechanism of dyes on iron oxides is proved by B. Saha et al. in a recent report 

[129]. They reported that preferable and enhanced adsorption phenomena of the dyes contains 

hydroxyl (-OH) groups on iron oxide nanoparticles with hydroxyl groups on the surface. The 

formation of hydrogen bonds will shift the frequency of hydroxyl vibrations (in the 3000-3500 cm-

1 range) to lower wavenumbers after dye absorption on the iron oxide nanoparticle surface. The IR 

shifts due to hydrogen bond formation are also observed on our mesoporous iron oxides. In Figure 

31, the vibrational band of hydroxyl group of orange II dye occurs at 3440 cm-1. After orange II 

adsorbed on the iron oxide catalysts, the peaks of hydroxyl groups of orange II adsorbed on 

mesoporous 2-line ferrihydrite, α-Fe2O3, γ-Fe2O3, Fe3O4, and commercial iron oxide shifted from 

3440 cm-1 to 3435 cm-1, 3428 cm-1, 3435 cm-1, 3419 cm-1, and 3438 cm-1, respectively. This is 

clear evidence of direct hydrogen bonding formation between hydroxyl groups of orange II and 

the surfaces –OH group of iron oxides. Moreover, comparing with the red shifts on commercial 

Fe2O3, there are larger red shifts of –OH bonds adsorbed on mesoporous 2-line ferrihydrite, α-

Fe2O3, γ-Fe2O3, and Fe3O4. The longer red shifts indicate stronger elongation of O-H bonds which 

is caused by stronger attractive interactions between positive H and iron oxide surfaces [130]. This 

means the bonding between mesoporous iron oxides and orange II is stronger than that between 

commercial Fe2O3 and orange II. This causes a preferable adsorption of orange II on mesoporous 

iron oxides compared with the commercial Fe2O3.   
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Figure 31: Infrared spectra of hydroxyl stretching of orange II adsorbed on iron oxides. 

Another adsorption mechanism of dyes on iron oxides was proposed by J. Bandara et al. in their 

studies [131,132].  They showed that sulfonic groups of orange II precipitated the adsorption on 

iron oxide surface by the formation of an unidentate complex with oxide surface. They observed 

an SO2 symmetric peak at 1190 cm-1 and an asymmetric peak 1305 cm-1 disappeared after 

adsorption. Similar observations were reported in the literature. Figure 32 (a) shows infrared 

spectra of orange II adsorbed on mesoporous 2-line ferrihydrite, mesoporous α-Fe2O3, and 

commercial Fe2O3 compared with free orange II. After being adsorbed on catalysts, the asymmetric 

stretching peak (1191 cm-1) of -SO2 is missing since -SO2 groups are attached on the catalysts after 

adsorption. Peaks at 1405 cm-1 and 1318 cm-1 on the spectra of mesoporous 2-line ferrihydrite also 

disappear. These two peaks represent the bending –OH deformation. This means that adsorption 

of orange II on mesoporous 2-line ferrihydrite may restrict the –OH bending deformation which 

leads to a possibility that –OH is on another binding site when adsorbed on mesoporous 2-line 
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ferrihydrite. On one hand, additional sites of adsorption may make the position of the adsorbed 

molecules “more fixed”. On the other hand, additional sites of adsorption may give the adsorbed 

molecules extra strain by possibly changing the bond angle and bond length. Both effects caused 

by additional sites of adsorption will cause the adsorbed molecules to be attacked more easily by 

the hydroxyl radical. So with an increase in overall energy, adsorbed molecules will become much 

more unstable. Figure 32 (b) shows infrared spectra of orange II adsorbed on mesoporous γ-Fe2O3 

and Fe3O4 compared with free orange II. The peak at 1160 cm-1 and broad peak at the 1230 cm-1 

are due to aromatic =C-H bending. This is because crystal structures of γ-Fe2O3 and Fe3O4 are both 

cubic close packed while the crystal structures of mesoporous 2-line ferrihydrite and γ-Fe2O3 are 

both hexagonal close packed.  
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Figure 32: FTIR spectra for orange II and orange II adsorbed on mesoporous iron oxides. 

 Catalyst performance 

For the catalytic degradation of orange II under visible light in the presence of H2O2, all the 

mesoporous iron oxides have higher rate constants than commercial iron oxide as Fenton catalysts. 

Furthermore, the reaction catalyzed by mesoporous 2-line ferrihydrite has the highest rate constant. 

The major reason for the excellent performance of the mesoporous iron oxides is that they contain 

large surface area (Table 2), which will provide more available sites for orange II to adsorb on and 

for H2O2 to produce highly reactive hydroxyl radicals. The TOFs of mesoporous iron oxides (Table 

6) are smaller than that of commercial Fe2O3. Since TOF is calculated by the number of moles of 

dye degraded per unit surface area per hour, the calculated TOF number of mesoporous iron oxides 

is neutralized by the large surface areas of mesoporous iron oxides. This indicates that the major 

advantage of mesoporous iron oxides is their large surface area. Although the mesoporous 

structure in the catalysts could help to promote the diffusion of reactants, the transportation of 

reactants to the active sites may be still limited by the size of the dyes and morphology of the 
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catalysts. The amorphous transition metal oxide has markedly different catalytic activity in 

photochemical reactions compared with highly crystallized transition metal oxides [133]. The high 

photochemical activity of amorphous transition metal oxides could be due to highly disordered 

packing, oxygen vacancies, small particle sizes, and high surface areas. In this study, the high 

activity of mesoporous 2-line ferrihydrite (amorphous in high-angle PXRD) in dye degradation 

could be attributed to a variety of factors, such as large surface area, surface hydroxyl groups, 

acidic products or possible additional adsorption sites.  

The rate constants of mesoporous iron oxides catalysts are comparable with those of iron oxides 

in the literature under mild reaction conditions, such as visible light and neutral pH. Table 7 

summarizes the previous work regarding degradation of orange II using different iron oxides 

catalysts. All the literature data discussed here had the assumption of pseudo-first-order kinetics 

for the dye degradation process. Feng et al. [31] reported degradation of orange II using different 

catalysts, including bentonite-clay-based Fe nanocomposite (Fe-B) and α-Fe2O3 in the presence of 

H2O2 at pH=6.6 under UV light. Taking advantage of UV light, they obtained faster reaction 

kinetics, compared to this study, with their catalysts, for example, kapp=0.077 with Fe-B 

nanocomposite and kapp=0.063 with α-Fe2O3. The research from Du et al. [127] included effect of 

H2O2 on photodegradation orange II by different iron oxides, α-Fe2O3, γ-Fe2O3, and Fe3O4 under 

UV light at a neutral pH=6.5. Apparent rate constants on different iron oxides in their study were 

at least 50% smaller than the apparent rate constant shown in this study. As far as visible light is 

concerned, Cheng et al. [32] synthesized Fe (III) iron exchange resin as a catalyst for the 

degradation of various dyes including orange II in the presence of H2O2 at pH=6.0 under visible 

light. The catalyst degraded less than 5% orange II after 700 min irradiation whereas the 

mesoporous 2-line ferrihydrite in this study can degrade 100% orange II within 180 min. Du et al. 
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[33] synthesized clay-supported iron oxide with different ratios of clay and Fe2O3 as catalysts for 

cationic and anionic dyes including orange II at pH=6.5 under visible light. Very good 

performance is observed by samples containing 20% Fe2O3 (20FeC in the literature). The 20FeC 

catalysts can degrade 65% orange II in 150 min. In comparison, mesoporous 2-line ferrihydrite 

catalyst can degrade 90% orange II in 150 min. Furthermore, as shown in the literature [21,134], 

increasing the amount of catalyst amount can largely increase the rate of dye degradation. The 

catalyst amount used in their study is twice as large as the catalyst amount used in this study.  

Table 7: Effectiveness of iron oxide catalysts on azo dye degradation in the literature. 

 Dye Dye 

conc. 

Catalyst Catalyst 

conc. 

Light 

source 

H2O2 

conc. 

pH 

value 

Time for 

total 

conv. 

kapp 

(min-1) 

×10-3* 

[31] Orange II 0.2mM Fe-B 

α-Fe2O3 

1 g/L UV 10mM 6.6 120 min 77 

63 

[127] Orange II 0.1mM α-Fe2O3 

γ-Fe2O3 

Fe3O4 

0.5 g/L UV 1.2mM 6.5 - 8 

14 

11 

[32] Orange II 0.1mM Fe(III)-

loaded resin 

0.02g/L Visible 2.5mM 6.0 >>700m

in 

- 

[33] Orange II 0.2mM Fe2O3/Clay 0.5g/L Visible 2.0mM 6.5 - 4.9 

This 

study 

Orange II 0.1mM 2-line 

ferrihydrite 

0.25g/L Visible 12.5mM Neutral 180min 26 

* best reported kapp is used in this table               - Not available 

 Mechanism 

In order to distinguish the photo Fenton process and the semiconductor mediated photocatalytic 

reactions, we proposed an experiment which uses mesoporous 2-line ferrihydrite as the catalyst to 

degrade orange II without the presence of H2O2 under visible light in ambient air. The other 

conditions, such as catalyst concentration, dye concentration, and power of visible light, are kept 

the same as the reaction conditions used in this paper. The result is shown in Figure 33. The dye 

content only drops a little bit after 4 hours irradiation with visible light. Further comparisons of 
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the UV-Vis spectra of the original dye, degraded dye in the presence of H2O2 and the dye after 

experiments without H2O2 are shown in Figure 33 (b). The dye in the experiment without H2O2 

has not been degraded, showing different characteristics in UV-Vis spectra (~200 nm wavenumber) 

from the typical degraded dye. This means that the decrease of dye content is mainly caused by 

adsorption rather than degradation. The reason why this happens is that the mesoporous iron oxide 

catalyst is not able to generate O2
• radicals under ambient air conditions under visible light 

exposure with TiO2. Therefore, the degradation of dyes on mesoporous iron oxides is contributed 

by the photo Fenton reaction. 

 

Figure 33: The mesoporous iron oxide mediated dye degradation without H2O2 under visible light: (a) dye 

content vs. time; (b) original UV-Vis adsorption spectra.   

The mechanism [18] of Fenton reagents in aqueous solutions is shown as follows:   

𝐹𝑒2+(𝑎𝑞) + 𝐻2𝑂2(𝑙)  →  𝐹𝑒3+(𝑎𝑞) + 𝑂𝐻 • (𝑎𝑞) + 𝑂𝐻− (𝑎𝑞)  (chain initiation) 

𝐹𝑒3+(𝑎𝑞) + 𝐻2𝑂2(𝑙)  ↔ 𝐹𝑒 − 𝑂𝑂𝐻2+(𝑎𝑞) + 𝐻+(𝑎𝑞)  

𝐹𝑒 − 𝑂𝑂𝐻2+(𝑎𝑞) → 𝐻𝑂2 • (𝑎𝑞)  + 𝐹𝑒2+(𝑎𝑞)  

𝑂𝐻 • (𝑎𝑞) + 𝐹𝑒2+(𝑎𝑞)  →  𝑂𝐻−(𝑎𝑞) + 𝐹𝑒3+(𝑎𝑞)  (chain termination)  
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In the heterogeneous photo Fenton reaction, we believe that a similar mechanism also takes place 

on the surface of our mesoporous iron oxides. The hydroxyl radicals (•OH) and the hydroperoxyl 

radicals (•OOH) will react with dyes in solution.  

Bandara et al. [135] showed that Orange II could form Fe complexes with iron species in 

combination with H2O2, which is not preferred in basic media. During the degradation of azo dyes, 

the azo bonds -N=N- are usually firstly broken down [136–138]. The splitting of -N=N- bonds will 

produce mono-substituted benzene and substituted naphthalene compounds and then the opening 

of an aromatic ring of substituted naphthalene will form substituted benzene and other acid 

products [136,139–141]. Similar results were reported in the literature. In Figure 29 (a), the 

fragments of orange II with m/z 327 starts to break down from 0.5 hour. At the same time, the 

fragments with m/z 187 appears, which are products from splitting -N=N- bonds. The fragments 

with m/z 187 are substituted naphthalene compounds. After 1 hour, only weak peaks at m/z 327 

are observed and the fragments with m/z 187, which are the substituted naphthalene compounds, 

start to break down. A lot of fragments with m/z lower than 150 appear. Table 8 lists observed 

major peak positions and possible corresponding structures. The appearance of fragments with m/z 

115 and 121 indicate that substituted naphthalene has been broken down by opening an aromatic 

ring. This step could form some organic acids. In addition, the pH drop of the reaction solutions 

also indicates the formation of acid products. So based on ESI/MS and pH analyses, a proposed 

reaction pathway for orange II degradation over mesoporous 2-line ferrihydrite catalyst is shown 

in Figure 34. Degradation of orange II starts with azo bonds attacked by hydroxyl radicals to form 

benzenesolanate and (2-hydroxynaphthalen-1-yl)diazenolate. Then the naphthalene ring in the (2-

hydroxynaphthalen-1-yl)diazenolate was attacked at different positions. Breakage of the 

naphthalene ring at one position can form 2-diazenlyphenol and but-2-enedioic acid. Breakage of 
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the naphthalene ring at another position can form benzoic acid and 2-hydroxy-3-(2-hydroxydiazen-

1-yl)prop-2-enal. The possible breakage position is based on possible appearance of organic acid 

which causes the drop of pH value of the solution. The formation of organic acid can help the 

catalyst perform better by adjusting the pH value of the solution to around 4. This will further 

accelerate mesoporous 2-line ferrihydrite on discoloration and mineralization of orange II. The 

fragments with low m/z are observed in ESI/MS spectra.  

Table 8: Major peaks on ESI/MS spectra and possible corresponding structures.  

M/z Possible structures M/z Possible structures 

187 

 

115 

 

173 

 

107 

 

171 

 

105 

 

165 

 

97 

 

156 

 

95 
 

137 

 

93 

 

121 

 

80 
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Figure 34: Proposed mechanism of Fenton reactions on mesoporous 2-line ferrihydrite catalyst. 

  



72 

 

5. APPLICATION OF MAGNETIC IRON OXIDE SUPPORTED 

PALLADIUM NANOPARTICLES ON NITROBENZENE 

HYDROGENATION 

5.1 Catalyst activity  

Figure 35 shows the catalytic conversions of nitrobenzene hydrogenation reactions using 1% 

Pd/meso-SiO2-im, 1% Pd/meso-C-im, 1% Pd/comm-Fe2O3-im, 1% and 2% Pd/meso-γ-Fe2O3-im, 

and 1% and 2% Pd/meso-γ-Fe2O3-os catalysts. Among all the 1% Pd impregnated catalysts, the 1% 

Pd/meso-γ-Fe2O3-im provides a faster reaction rate (100% conversion within 80 min) than 1% 

Pd/comm-Fe2O3-im, 1% Pd/meso-SiO2-im, and 1% Pd/meso-C-im catalysts. When 1% Pd/comm-

Fe2O3-im, 1% Pd/meso-C-im, 1% Pd/meso-SiO2 catalysts are used, 64%, 100%, and 4% 

conversions of nitrobenzene are reached after 120 min reaction time, respectively. Moreover, the 

rate of reaction over 2% Pd/meso-γ-Fe2O3-im catalyst is greater than that of 1% Pd/meso-γ-Fe2O3-

im catalyst. For the catalysts synthesized by one-step sol-gel method, 100% conversion is reached 

within 80 min with the 2% Pd/meso-γ-Fe2O3-os catalyst whereas only 76% nitrobenzene is 

converted after 120 min reaction time when 1% Pd/meso-γ-Fe2O3-os catalyst is used. A blank 

experiment which was performed with intrinsic mesoporous γ-Fe2O3 without Pd loading shows 

that the mesoporous γ-Fe2O3 is not active without Pd nanoparticles (Figure 36).  
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Figure 35: Catalytic performance of catalysts containing Pd synthesized by the impregnation and one-step 

sol-gel methods for nitrobenzene hydrogenation; inserted is nitrobenzene hydrogenation with mesoporous 

γ-Fe2O3 (without Pd loading). 

 

Figure 36: Nitrobenzene hydrogenation reaction by mesoporous γ-Fe2O3 without Pd loadings.  

Figure 37 shows the turnover frequency (TOF) numbers of 1% Pd/meso-SiO2-im, 1% Pd/meso-C-

im, 1% Pd/comm-Fe2O3-im, 1% and 2% Pd/meso-γ-Fe2O3-im, and 1% and 2% Pd/meso-γ-Fe2O3-

os catalysts for the nitrobenzene hydrogenation reaction. The TOF number is defined as the moles 

of nitrobenzene converted per Pd site per hour. The values in the “bulk” column of EDX data of 
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Table 4 are used to calculate actual Pd active sites in the catalysts since the amounts of Pd on the 

surfaces of some catalysts are not available from XPS surveys. The TOF numbers of Pd/meso-γ-

Fe2O3 catalysts synthesized by the impregnation method (1% Pd/meso-γ-Fe2O3-im, TOF 1036 h-

1; 2% Pd/meso-γ-Fe2O3-im, TOF 498 h-1) and one-step sol-gel method (1% Pd/meso-γ-Fe2O3-os, 

TOF 508 h-1; 2% Pd/meso-γ-Fe2O3-os, TOF 598 h-1;) are all larger than those of 1% Pd/meso-

SiO2-im (TOF 12 h-1), 1% Pd/meso-C-im (TOF 83 h-1) catalysts, and 1% Pd/comm-Fe2O3-im 

catalyst (TOF 393 h-1) catalysts. Among Pd/meso-γ-Fe2O3 catalysts synthesized by the 

impregnation and one-step sol-gel methods, 1% Pd/meso-γ-Fe2O3-im has the largest TOF number. 

The TOF numbers of 2% Pd/meso-γ-Fe2O3-im, 1% Pd/meso-γ-Fe2O3-os, and 2% Pd/meso-γ-

Fe2O3-os catalysts are similar to each other. If the TOF value of our best catalyst, 1% Pd/meso-γ-

Fe2O3-im, is calculated by the surface Pd content instead of bulk Pd content, the TOF value will 

be 2166 h-1. This is better than the reported TOF value of 5-Pd/SiO2 catalyst (292 h-1) from Yan 

et. al [142] and comparable with the TOF values of Pd/hydrotalcites catalysts (2500 h-1) from 

Sangeetha et. al [36]. 
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Figure 37: TOF numbers of catalysts containing Pd synthesized by the impregnation and one-step sol-gel 

methods for nitrobenzene hydrogenation.  

5.2 Catalyst recyclability  

Figure 38 shows the recyclability of 1% Pd/meso-γ-Fe2O3-im, 2% Pd/meso-γ-Fe2O3-im, 1% 

Pd/meso-γ-Fe2O3-os, and 2% Pd/meso-γ-Fe2O3-os catalysts. With the 1% Pd/meso-γ-Fe2O3-im 

catalyst, only 2% conversion is reached after 120 min in the 2nd cycle of reaction. With the 2% 

Pd/meso-γ-Fe2O3-im catalyst, 61% conversion is reached after 120 min in the 2nd cycle of reaction 

and only less than 4% conversion is reached after 120 min in the 3rd cycle of reaction. In contrast, 

Pd/meso-γ-Fe2O3 catalysts synthesized by the one-step sol-gel method perform better in 

recyclability than Pd/meso-γ-Fe2O3 catalysts synthesized by the impregnation method. With the 

1% Pd/meso-γ-Fe2O3-os catalyst, 27% conversion can be reached after 120 min in the 2nd cycle of 
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reaction and 4% conversion is reached after 120 min in the 3rd cycle of reaction. With the 2% 

Pd/meso-γ-Fe2O3-os catalyst, 100% conversion can be reached within 90 min in the 2nd cycle of 

reaction while 88% and 50% conversions are reached in the 3rd and 4th cycles of reaction, 

respectively.   

 

Figure 38: Recyclability of (a) 1% Pd/meso-γ-Fe2O3-im catalyst, (b) 2% Pd/meso-γ-Fe2O3-im catalyst, (c) 

1% Pd/meso-γ-Fe2O3-os catalyst, and (d) 2% Pd/meso-γ-Fe2O3-os catalyst. 

Figure 39 shows the high-angle PXRD patterns of 1% Pd/meso-γ-Fe2O3-im, 2% Pd/meso-γ-Fe2O3-

im, 1% Pd/meso-γ-Fe2O3-os, and 2% Pd/meso-γ-Fe2O3-os catalysts before and after reactions. The 

high-angle PXRD patterns were collected from recycled catalysts after the last cycle of 

recyclability experiments. Consistent PXRD patterns are shown between initial 1% Pd/meso-γ-
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Fe2O3-im catalyst, 2% Pd/meso-γ-Fe2O3-im, 1% Pd/meso-γ-Fe2O3-os, 2% Pd/meso-γ-Fe2O3-os 

catalysts and their recycled catalysts. This means all the Pd/meso-γ-Fe2O3 catalysts maintain their 

crystal structures after recyclability experiments.  

   

   

Figure 39: High-angle PXRD patterns of (a) 1% Pd/meso-γ-Fe2O3-im catalyst, (b) 2% Pd/meso-γ-Fe2O3-

im catalyst, (c) 1% Pd/meso-γ-Fe2O3-os catalyst, and (d) 2% Pd/meso-γ-Fe2O3-os catalyst before and after 

reaction.  

5.3 Discussion 

 Structure of catalysts  

From Figure 13, after impregnation, the d-spacings of mesoporous SiO2 and mesoporous carbon 

catalysts change from 18Å to 27Å and from 32Å to 20Å, respectively. At the same time, there is 
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a decrease in the surface areas of mesoporous SiO2 and mesoporous carbon catalysts after 

impregnation (Table 3). The pore sizes of mesoporous SiO2 and mesoporous carbon are close to 

micropores since the mesopore range is 2-50 nm and the micropore range is < 2nm according to 

IUPAC. The decrease in d-spacings of mesoporous SiO2 and carbon shown in XRD patterns and 

structural parameters of impregnated catalysts suggests that the Pd nanoparticles accommodate 

inside the mesopores because a lot of space in the mesoporous network is occupied after 

impregnation. Since the pore sizes of these materials are small, the impregnation process could 

affect the structure of the materials. The Pd nanoparticles occupied a lot of space in the 

micro/mesopores of mesoporous SiO2 and carbon catalysts. The decrease of surface area of the 

catalysts synthesized by the incipient wet impregnation method was also observed by Sangeetha 

et al. [36]. For the 1% Pd/comm-Fe2O3-im catalyst, the surface areas and low-/high-angle PXRD 

patterns are almost the same as the intrinsic commercial Fe2O3 catalyst, because the non-porous 

structure of commercial Fe2O3 leads to the existence of Pd nanoparticles on the outer surface. For 

the Pd/meso-γ-Fe2O3-im catalysts, compared with intrinsic mesoporous Fe2O3, the pore sizes, 

surface areas and pore volumes of the structure are preserved because of large pore size of the 

mesoporous γ-Fe2O3 support.  

On the high-angle PXRD patterns, all the peaks are retained as well, due to the low Pd loading. 

However, in low-angle PXRD patterns, the shape of the pattern changes more significantly when 

more Pd is impregnated on the support. This means the impregnation of Pd will also affect the d-

spacing of mesoporous γ-Fe2O3. For Pd/meso-γ-Fe2O3-os catalysts, low-angle and high-angle 

PXRD patterns stay the same as in the intrinsic mesoporous γ-Fe2O3. When the mesoporous γ-

Fe2O3 catalyst is doped with 1% Pd, the surface areas, pore sizes, and pore volumes of the catalyst 

remain similar to the intrinsic mesoporous γ-Fe2O3. However, when mesoporous γ-Fe2O3 is doped 
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with 2% Pd, the surface areas, pore sizes, and pore volumes become larger than those of intrinsic 

mesoporous γ-Fe2O3. This is attributed to the change of the mesoporous γ-Fe2O3 structure caused 

by the large amount of Pd content. As shown in another study [3], calcination causes the 

aggregation of nanoparticles, which will result in a decrease of surface area. The large amount 

(2%) of Pd content prevents the aggregation of iron oxide nanoparticles during the calcination, so 

the 2% Pd/meso-γ-Fe2O3-os catalyst has a larger (118 m2/g) surface area than the intrinsic 

mesoporous Fe2O3 catalyst. When a large amount of Pd is added into the initial solution, the 

formation of micelles is disturbed to some extent, which likely makes the micelle formation 

incomplete. The pores formed from incomplete micelles are not stable. They could merge with 

other pores during calcination, leading to a larger pore size and pore volume than in the intrinsic 

mesoporous γ-Fe2O3.  

The Pd/Fe or Pd/Si or Pd/C ratios in the circled area, in the bulk, and on the surface of all the Pd 

containing catalysts are shown in Figure 16 and Table 4. For 1% Pd/comm-Fe2O3-im and 1% 

Pd/meso-γ-Fe2O3-im catalysts, no region with particularly high Pd/Fe ratio is observed. The Pd 

nanoparticles in these catalysts are not gathering in a small region of the iron oxide support and 

are dispersed relatively better than those in other catalysts. For 2% Pd/ meso-γ-Fe2O3-im, 1% Pd/ 

meso-γ-Fe2O3-os, 2% Pd/meso-γ-Fe2O3-os, and 1% Pd/meso-SiO2-im catalysts, Pd/Fe or Pd/Si 

ratios in the circled region are higher than those in the bulk. The Pd nanoparticles are not well 

dispersed in these supports. Comparing 1% and 2% Pd/meso-γ-Fe2O3-im catalysts, the mesoporous 

γ-Fe2O3 cannot impregnate Pd nanoparticles homogeneously when the Pd loading amount is 2%. 

Comparing 1% Pd/meso-γ-Fe2O3-im and 1% Pd/meso-γ-Fe2O3-os catalysts, the one-step sol-gel 

method cannot disperse Pd nanoparticles very well, because, when the Pd/meso-γ-Fe2O3 catalysts 

are synthesized by the one-step sol-gel method, the Pd nanoparticles change the structure of the 
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iron oxide support, leading to the gathering of Pd nanoparticles in the circled region. For all the 

Pd containing catalysts except 2% Pd/meso-γ-Fe2O3, the Pd/Fe ratios obtained by EDX are similar 

to those obtained by the XPS data. Pd nanoparticles stay in the bulk of the catalysts rather than 

gathering on the surface of catalysts. For 2% Pd/meso-γ-Fe2O3 catalyst, the Pd/Fe ratio on surface 

is much higher than that in the bulk. Part of the Pd nanoparticles is ejected out of the iron oxide 

support during the merging of pores during calcination. The Pd/C ratio in 1% Pd/meso-C-im 

catalyst is for reference only because of the carbon element in the ambient experiment environment.  

 Effect of supports – mesoporous SiO2, mesoporous carbon, commercial Fe2O3 and 

mesoporous-γ-Fe2O3  

Compared with the 1% Pd/comm-Fe2O3-im catalyst (Figure 35), 1% Pd/meso-γ-Fe2O3-im catalyst 

has much higher activity in nitrobenzene hydrogenation reactions. Since these two catalysts are 

both prepared by the impregnation method, the major difference between them exists in the support 

– one is a mesoporous support and the other is a non-porous support. The higher activity of the 1% 

Pd/meso-γ-Fe2O3-im catalyst is probably due to two reasons related to the mesoporous support: 

one is that the mesoporous support has a larger surface area, pore size, and pore volume, which 

can provide more sites and disperse Pd better than the non-porous materials; the other is that the 

mesoporous support can reduce the mass transport of reactants and/or products [143]. All the 

catalysts supported on mesoporous γ-Fe2O3 in this study have higher TOF numbers than 

commercial non-porous γ-Fe2O3. Compared with 1% Pd/meso-SiO2-im and 1% Pd/meso-C-im 

catalysts, the activity of 1% Pd/meso-γ-Fe2O3-im catalysts for the nitrobenzene hydrogenation 

reaction is much higher. This is consistent with Ge et al. [144], who found that the basic sites 

(oxygen vacancies) of iron oxide support could help palladium catalysts reach higher activity in 

the glycerol hydrogenolysis reaction. The reason for oxide supported catalysts being more active 
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in nitrobenzene hydrogenation reaction is possibly due to the large surface area and phases of iron 

oxide nanoparticles [145,146], or the strong interaction between palladium and iron oxide supports 

[144,147,148]. It is not fair to compare the Pd/meso-γ-Fe2O3-im with Pd/meso-SiO2-im and 

Pd/meso-C-im catalysts, because of the significant decrease of surface areas of silica and carbon 

supports after Pd impregnation. It seems surface area and pore size have significant impact on the 

catalyst activity. Further studies focusing on the synthesis of Pd impregnated materials (include 

mesoporous γ-Fe2O3, silica, and carbon) with higher surface area and proper pore size are 

necessary.  However, for comparison purposes, the Pd impregnated catalysts are synthesized under 

identical procedures in this study. The better catalytic performance of iron oxide support might be 

restricted to the current impregnation method. An exhaustive study on optimizing the synthesis 

conditions for the Pd impregnated mesoporous γ-Fe2O3, silica, and carbon individually and in 

comparison with their catalytic performance in nitrobenzene hydrogenation may be interesting as 

future work. 

 Effect of preparation method – impregnation method vs one-step sol-gel method 

Comparing the 1% Pd/meso-γ-Fe2O3-im and 1% Pd/meso-γ-Fe2O3-os catalysts (Figure 35), the 

TOF number of 1% Pd/meso-γ-Fe2O3-im catalyst is almost double that of 1% Pd/meso-γ-Fe2O3-

os catalyst. This is possibly because 1% Pd/meso-γ-Fe2O3-os catalyst has some Pd nanoparticles 

inside the iron oxide support which are not accessible to reactant. The Pd nanoparticles of 1% 

Pd/meso-γ-Fe2O3-im catalyst stay on the surface of the iron oxide support, which makes them more 

available for reaction than those inside the iron oxide support. One possible reason for the high 

TOF number of 1% Pd/meso-γ-Fe2O3-im catalyst is that the Pd nanoparticles are well dispersed in 

the support due to a large pore size and interconnected network of mesoporous γ-Fe2O3 (Figure 16, 

Figure 40 and Table 4). No apparent aggregation of Pd nanoparticles in 1% Pd/meso-γ-Fe2O3-im 
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catalysts occurs (Figure 25 and Table 4). Compared with 2% Pd/meso-γ-Fe2O3-im and 2% 

Pd/meso-γ-Fe2O3-os catalysts, the TOF numbers are similar while the low TOF number of 2% 

Pd/meso-γ-Fe2O3-im catalyst is due to the aggregation of Pd nanoparticles in the support; the low 

TOF number of 2% Pd/meso-γ-Fe2O3-os catalyst is because not all the Pd nanoparticles are 

accessible to reaction which is discussed in detail in Section 5.3.4 Effect of Pd loading amount. 

Another reason for high activity of 1% Pd/meso-γ-Fe2O3-im catalysts could be also due to the 

leached homogeneous Pd nanoparticles [149,150]. From a recyclability perspective, the one-step 

sol-gel method helps to improve the noble metal leaching problem which is further discussed in 

Section 5.3.6 Recyclability of Pd/meso-γ-Fe2O3 catalysts.  

 

Figure 40: TEM images of 1% Pd/meso-γ-Fe2O3-im catalyst (a) before the reaction (inserted is the HRTEM 

image of Pd nanoparticles) and (b) after reaction (inserted is the EDX pattern of this region.) 

 Effect of Pd loading amount  

From Figure 36, the reaction rate of nitrobenzene hydrogenation reaction becomes faster when the 

Pd amount in the catalysts increases. This is reasonable in the sense that Pd is well-known as an 
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effective catalyst for reactions related to hydrogen in a variety of reactions [151]. However, in this 

study, the reaction rate of 2% Pd/meso-γ-Fe2O3-im catalyst is only slightly faster than that of 1% 

Pd/meso-γ-Fe2O3-im catalyst. The TOF number of 2% Pd/meso-γ-Fe2O3-im catalyst is almost half 

of that of the 1% Pd/meso-γ-Fe2O3-im catalyst. As discussed in Section 4.1, in the 2% Pd/meso-γ-

Fe2O3-im catalyst, there is aggregation of Pd nanoparticles, which makes not all the Pd 

nanoparticles accessible for reaction. This is why although the Pd impregnation amount is doubled 

in 2% Pd/meso-γ-Fe2O3-im catalyst, the activity only increases a small amount.  

From Figure 36, 2% Pd/meso-γ-Fe2O3-os catalyst has better catalytic performance than 1% 

Pd/meso-γ-Fe2O3-os catalyst. However, from Figure 37, the TOF numbers of nitrobenzene 

hydrogenation reaction on 1% and 2% Pd/meso-γ-Fe2O3-os catalysts are similar. This means that 

the better performance of 2% Pd/meso-γ-Fe2O3-os catalyst is mainly due to the larger amount of 

Pd. Although Pd/meso-γ-Fe2O3 synthesized by the one-step sol-gel method cannot disperse Pd 

nanoparticles homogeneously, the overall effectiveness of Pd nanoparticles in the catalysts is 

similar.  

 Selectivity of Pd/meso-γ-Fe2O3 catalysts 

All the Pd containing catalysts used in this study have > 97% selectivity to aniline after reactions, 

because the reaction mainly follows a direct pathway. The nitrobenzene hydrogenation reaction 

has two possible reaction pathways [152]: one is the direct route; the other is the condensation 

route. The direct route of nitrobenzene hydrogenation will occur when the hydrogenation over the 

catalysts is sufficiently fast to prevent condensation of pheneylhydroxyamine with 

nitrosobenzene. In the direct route, the reactions catalyzed by the Pd containing catalysts follow 

this path: nitro compound  (nitroso compound ) hydroxylamine  aniline derivative [153]. 

In the condensation route, the condensation of hydroxylamine and nitroso intermediates is the step 

to form impurities. A typical GC spectrum of a sample solution during nitrobenzene hydrogenation 

reaction is shown in Figure 41. Typical MS spectra of impurities hydroxylamine and N-

ethylaniline are shown in  
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Figure 42. In the GC spectrum, only trace amounts of hydroxylamine and N-ethylaniline are 

observed in the reaction solution which are intermediates and products of possible aldol 

condensation side reactions, respectively [154]. The product of the reaction (aniline) is further 

confirmed by nuclear magnetic resonance spectroscopy (Figure 44). For side reactions, trace 

amounts of acetaldehyde in the ethanol solvent react with the product aniline following an aldol 

condensation reaction mechanism. The product of this aldol condensation reaction is N-

ethylideneaniline. Then N-ethylideneaniline is reduced by hydrogen to form N-ethylaniline. The 

proposed pathways of nitrobenzene hydrogenation and aldol condensation side reaction are shown 

in Figure 43.  
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Figure 41: GC spectrum of nitrobenzene hydrogenation reaction over Pd/meso-γ-Fe2O3 catalysts and 

corresponding compounds for the peaks (Inserted spectrum is the zoomed area). 

Figure 42: MS spectra of (a) N-ethylaniline (b) N-phenylhydroxyamine.  

 

Figure 43: The proposed pathways of nitrobenzene hydrogenation reaction (upper row) and possible side 

reaction by aldol condensation (lower row).  
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Figure 44: (a) 1H NMR and (b) 13C NMR spectra of product of nitrobenzene hydrogenation reaction by 1% 

Pd/meso-γ-Fe2O3 catalyst.  

 Recyclability of Pd/meso-γ-Fe2O3 catalysts  

The 1% and 2% Pd/meso-γ-Fe2O3-im catalysts have an obvious decay in catalytic performance in 

the 2nd cycle of reaction (Figure 38 (a) and (b)). This is due to serious leaching of palladium. The 

leaching problem in this study is confirmed by TEM images. The TEM images of the catalyst with 

highest TOF values (1% Pd/meso-γ-Fe2O3 catalyst) before and after the reaction are shown in 

Figure 40. Before the reaction, Pd nanoparticles are well dispersed in the iron oxide matrix. The 

dark spots in Figure 40 (a) are proven to be Pd nanoparticles by matching Pd (111) lattice spacings 

in the inserted HRTEM images. But after the reaction, there’s no evidence of Pd nanoparticles in 

the selected region (shown in the EDX pattern). This indicates that part of the Pd nanoparticles 

leached out during the reaction. Agglomeration of Pd nanoparticles on Pd/meso-γ-Fe2O3 catalysts 

cannot be observed by TEM. When the sizes of Pd particles are large, the contrast of the Pd 

particles becomes similar to those of overlapped iron oxide nanoparticles.  

Leaching of the effective metals during experiments has been observed on catalysts synthesized 

by the impregnation method in many studies [39,43,50,142,155]. In the literature, there are several 
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approaches that can mitigate leaching from the perspective of modifying synthesis methods. Webb 

et al. [156] loaded palladium on functionalized mesoporous silica by a grafting approach. The 

catalysts can be highly active and recyclable for Suzuki–Miyaura coupling reaction under certain 

reaction conditions. Su et al. [157] synthesized ruthenium nanoparticles by impregnating 

ruthenium into mesoporous materials then thermally reducing ruthenium to ruthenium 

nanoparticles. The nanoparticles showed high activity and stability in hydrogenation of 

monoaromatics with less leaching. Banerjee et al. [49] synthesized Pd-MCM-48 using tetra-n-

octylammonium bromide as a capping and stabilizing agent of Pd nanoparticles during typical 

Stober syntheses of MCM-48. The synthesized catalysts can be used at least ten times for 

hydrogenation of olefins with minimal loss of activity. Ge et. al [158] synthesized core-shell 

nanocomposite catalysts using superparamagnetic Fe3O4 as a core and protecting noble metal 

nanoparticles by mesoporous silica shell. The catalysts with protection of mesoporous silica shell 

showed high activity after 6 cycles of reduction of 4-nitrophenol.  

In this study, the one-step sol-gel method is investigated to help mitigate the noble metal leaching 

problem [159]. With the same Pd loading amount, Pd/meso-γ-Fe2O3-os catalysts have better 

recyclability than Pd/meso-γ-Fe2O3-im catalysts. From Figure 38 (d), in the 1st and 2nd cycle of 

reaction, 100% nitrobenzene is converted within 80 min over 2% Pd/meso-γ-Fe2O3-os catalyst. In 

the 3rd cycle of reaction, although there is some decay in catalytic performance, 88% conversion 

of nitrobenzene can still be reached after 120 min reaction time over the 2% Pd/meso-γ-Fe2O3-os 

catalyst. Overall, the catalysts synthesized by the one-step sol-gel method can help improve the 

recyclability of the catalyst compared to the catalysts synthesized by impregnation methods.  
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6. APPLICATION OF MESOPOROUS ALUMINOSILICATE ON 

SILOXANE ADSORPTION FOR BIOGAS CLEANUP 

6.1 Adsorption capacity of mesoporous aluminosilicates 

Figure 45 (a, b) shows breakthrough curves of mesoporous aluminosilicates with different 

aluminum dopant amounts and different calcination heating rates. D4 breaks through the 

mesoporous aluminosilicates with Si:Al ratio=5, 10, and 20, and the mesoporous aluminosilicate 

with 1 °C/min at the very beginning of the adsorption, whereas breakthrough for the mesoporous 

aluminosilicate with 5 °C/min and 10 °C/min heating rate occurs at around 30 min and 60 min, 

respectively, implying better adsorption performance.  

Adsorption curves of mesoporous aluminosilicates with different aluminum dopant amounts and 

different calcination heating rates are shown in Figure 46 (a, b). The mesoporous aluminosilicate 

with a Si:Al ratio=20 saturated at around 120 min while the mesoporous aluminosilicates with 

Si:Al=5 and 10 saturated at around 220 min. In fact, the aluminum content itself does not affect 

the adsorption capacities of the materials. Chica et al. [160] found that the adsorption capacity of 

the zeolite adsorbents was independent of Al content but was influenced by the zeolite structure. 

As a further contribution, we have correlated the key textural properties of the mesoporous 

aluminosilicates with the adsorption capacities (See Section 4.1 for the detailed discussion). The 

mesoporous aluminosilicate with 1 °C/min heating rate saturated at around 160 min while the 

mesoporous aluminosilicates with 5 °C/min and 10 °C/min heating rates saturated at around 240 

min and 260 min, respectively. This is mainly attributed to the higher surface area and pore volume 

that the mesoporous aluminosilicates can be obtained with faster calcination heating rates.  
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Figure 45: Breakthrough curves on mesoporous aluminosilicates with (a) different aluminum dopant 

amounts and (b) different calcination heating rates.  
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Figure 46: Adsorption curves on mesoporous aluminosilicates with (a) different aluminum dopant amounts 

and (b) different calcination heating rates.  

6.2 Comparison of mesoporous aluminosilicate and ZSM-5 in Siloxane adsorption  

In this study, we compared the adsorption performance of mesoporous aluminosilicate with that 

of microporous aluminosilicate (ZSM-5) to evaluate the effectiveness of utilizing mesostructured 

adsorbents on D4 adsorption. In order to recognize the true effect of the pore size distribution, we 

have chosen the mesoporous aluminosilicate (Si:Al=5 and 2 °C/min heating rate) with similar BET 

surface area, total pore volume, micropore volume, and mesopore volume to ZSM-5 for 
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comparison (shown in Table 9). The experiments with ZSM-5 have been conducted under the same 

conditions as those with the synthesized mesoporous aluminosilicates. 

Table 9: Textural parameters of mesoporous aluminosilicate and ZSM-5 adsorbents.  

 Aluminosilicate* ZSM-5 

BET surface area (m2/g) 424 419 

Total pore volume (cm3/g) 0.209 0.214 

Micropore surface area (m2/g) 115 293 

External surface area (m2/g) 309 126 

Vmicro (cm3/g) 0.151 0.145 

Vmeso (cm3/g) 0.115 0.112 
* The mesoporous aluminosilicate is synthesized under the conditions of Si:Al=5 and 2 °C/min heating rate.   

Figure 47 shows the comparison of the nitrogen isotherms and adsorption curves of the selected 

mesoporous aluminosilicate and ZSM-5. Although the micropore and mesopore volumes of 

selected aluminosilicates and ZSM-5 are similar, the sizes of the pores in mesoporous 

aluminosilicate are mainly around 20 - 40 Å (Figure 47 (a)), overlapping with the range (17-30 Å) 

which has been proven to be crucial in the D4 adsorption process [75]. In the zoomed-in plot, the 

mesoporous aluminosilicate has more than twice the amount of pores with diameters of 17-30 Å 

than ZSM-5. In Figure 47 (b), ZSM-5 is saturated by D4 at around 160 min, 60 min faster than 

mesoporous aluminosilicate. The adsorption capacity of the aluminosilicate is 77.0 ± 3.70 mg/g, 

whereas the adsorption capacity of ZSM-5 is 40.9 ± 3.16 mg/g, is consistent with the one reported 

by Oshita et al. [86]. The better adsorption performance of the aluminosilicate is mainly attributed 

to its larger pore size. The majority of pores in the mesoporous aluminosilicate is in the range of 

10-45 Å, much larger than the minimum projection diameter of D4 (9.8 Å, predicted by ChemAxon 

Marvin [161]). This can largely increase the possibility of adsorption of D4 inside the 

aluminosilicate during the adsorption process. Besides the larger pore size, the mesoporous 
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aluminosilicate has a larger external surface area than ZSM-5. The large external surface area of 

the mesoporous aluminosilicate is attributed to the fact that the UCT mesoporous materials are 

nanoparticle aggregates. The small particles of the mesoporous aluminosilicate can increase the 

adsorbent bed voidage and then increase the residence time of siloxanes. Overall, the good 

adsorption performance of mesoporous aluminosilicate is most likely due to the combined effects 

of large pore size and large external surface area.  

 

Figure 47: (a) Cumulative pore volume distributions (inserted is zoom-in area) and (b) adsorption curves 

of mesoporous aluminosilicate (Si:Al=5, 2 °C/min heating rate) and ZSM-5.   

6.3 Influence of adsorbent textural parameters on D4 adsorption 

Figure 48 shows the correlations between the D4 capacities and the textural parameters of 

mesoporous aluminosilicates. The data in Figure 48 have been fitted with both linear and parabolic 

equations. The fitted lines with highest R2 values are shown. Generally speaking, there are good 

correlations between the D4 adsorption capacities and BET surface area, total pore volume, 

external surface area, and mesopore volume. Viewed by the different Si:Al ratios among the 
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synthesized materials and ZSM-5, the aluminum as acid sites might also contribute to D4 

adsorption to some extent. However, in this study, the role of Al in siloxane adsorption was not 

clear, as the change of the Si:Al ratios was correlated with the change of the textual properties of 

the materials, such as BET surface area, external surface area, mesopore volume and total pore 

volume.  

 

Figure 48: Correlation between D4 adsorption capacities and (a) BET surface area, (b) external surface 

area, (c) micropore surface area, (d) total pore volume, (e) mesopore volume (Vmeso), and (f) micropore 

volume (Vmicro) of mesoporous aluminosilicates.  

To be specific, the BET surface area and the total pore volume of mesoporous aluminosilicates 

have a linear relation with the D4 adsorption capacities, whereas the external surface area and the 

mesopore volumes are related to the D4 adsorption capacities in a parabolic way. In contrast, the 
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micropore volume, micropore surface area, and averaged pore size (~20 Å for all the materials) of 

mesoporous aluminosilicates are not closely related to the D4 adsorption capacities. The parabolic 

relationship means some textual properties, such as mesopore volumes and external surface areas, 

have more impact on the adsorption capacity than other properties, such as micropore volume. The 

larger pore size of the adsorbents can provide larger possibility and wider pathways of adsorption 

(Figure 49), especially when the pore sizes of adsorbents (~20 Å) are close to the size of adsorbates 

(~10 Å). The larger mesopore volume will allow more D4 to remain in the adsorbents.  

The correlations between the D4 adsorption capacities and BET surface area, total pore volume, 

and mesopore volume have been reported in the literature [75,76,86,162] and are in good 

agreement with this study. Moreover, this study further contributes to this research topic with the 

correlations between the D4 capacities and the external surface area and mesopore volume. The 

external surface area and mesopore volume have even better data regression than the BET surface 

area and the total pore volume. This means that the external surface area and mesopore volume of 

the mesoporous aluminosilicates have stronger impacts on the D4 adsorption than the other textual 

parameters. As has been mentioned before, the higher external surface area will promote the 

adsorption of D4 by increasing the residence time for the D4 bulk diffusion, while the larger pore 

size will affect the diffusion rate of D4. 
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Figure 49: Fate of D4 during adsorption process: (a) D4 is repelled by small micropores; (b) D4 is adsorbed 

in mesopores and large micropores; (c) polymerization and ring propagation of D4 is catalyzed by hydroxyl 

groups.  

6.4 Polymerization of D4 on mesoporous aluminosilicate adsorbents 

Polymerization of adsorbed siloxane is considered to result in the ineffectiveness of the thermal 

regeneration of the adsorbents due to the formation of high-molecular-weight polymers 

[76,85,163]. Thus, the polymerization of D4 on the surface of the aluminosilicates was investigated 

in this study. We observed the D4 polymerization by dissolving the adsorbed species in hexane 

and analyzing the extracted solution by GC-MS. A typical GC-MS spectrum of extracted solution 

is shown in Figure 52 (a), where the signals from D5, D6, and D7, products of D4 polymerization, 

are all observed. Another typical GC-MS spectrum of pure D4 in solution is shown in  

Figure 50. The structure of regenerated adsorbent doesn’t change too much after regenerated by 

dissolving the adsorbed species in hexane (Figure 51).    
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Figure 50: A GC spectrum of pure D4 in hexane. (No D5, D6, or D7 were shown in this spectrum.) 

 

Figure 51: (a) Low-angle and (b) high-angle XRD patterns of original and after-regeneration mesoporous 

aluminosilicate (Si:Al=5, 10 °C/min calcination heating rate).  

D4 polymerization has been attributed to the hydroxyl groups on the adsorbents (Figure 49). 

Soreanu et al. [79] and Sigot et al. [163] pointed out that siloxane molecules (D4) could interact 

with hydroxyl groups on the adsorbent surface by H bridges (hydrogen bonds). More specifically, 

Cabrera-Codony [76] claimed that the surface hydroxyl groups could work as catalytic active 

centers for cyclosiloxane ring-opening polymerization [76,163]. In this study, we performed the 
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TG-MS analyses on all of the synthesized mesoporous aluminosilicates to verify the existence of 

the hydroxyl groups on the adsorbents. As shown in Figure 52 (b), the dehydroxylation of 

mesoporous aluminosilicate takes place at around 200 °C. Since hydroxyl (water) species is the 

only species detected by MS, the amount of hydroxyl groups can be quantified based on the weight 

loss determined by thermogravimetric analysis. The quantity of the hydroxyl group on the 

mesoporous aluminosilicates increases with the amount of aluminum dopant, whereas the 

1 °C/min and 5 °C/min heating rates during calcination produce the highest and lowest amount of 

hydroxyl groups on the mesoporous aluminosilicates, respectively. The reason for this 

phenomenon was not clear. One possible explanation is given here. The formation of hydroxyl 

groups is mainly affected by calcination and rehydroxylation steps. In the calcination step, the as-

synthesized mesoporous aluminosilicates undergo dehydration (the removal of physically 

adsorbed water) and dehydroxylation (the removal of silanol groups from the silica surface) 

[164,165]. In the rehydroxylation step, the hydroxyl groups are restored on the silica surface under 

ambient conditions. As mentioned before, different calcination heating rates can change the atomic 

ordering of the SiO2 structure. This implies that the surface area of a specific oriented face of the 

SiO2 nanoparticles may also be changed during synthesis [166]. This results in the increase of the 

surface area of some relatively hydrophobic faces in the material [167]. The mesoporous 

aluminosilicate synthesized under medium calcination heating rate (5 °C/min) is suspected to 

possess higher surface area of the hydrophobic faces than those under slower and faster calcination 

heating rates (1 °C/min and 10 °C/min). This makes it difficult to restore the hydroxyl groups in 

the subsequent rehydroxylation step, leading to the lowest amount of hydroxyl groups on the 

material. 
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Figure 52: (a) A typical GC spectrum from the washed-out solution of adsorbent, (b) TG-MS profiles of 

mesoporous aluminosilicates, and (c) correlation between polymerization ratio and hydroxyl group amount. 

The polymerization ratio was calculated as the total amount of extracted D5, D6, and D7 over the amount 

of extracted D4. 

A correlation between polymerization ratio and the hydroxyl group amount is shown in Figure 52 

(c). Generally, polymerization of the siloxane D4 is enhanced by the hydroxyl groups on the 

surface of the mesoporous aluminosilicate. This observation agrees well with the observation made 

by Cabrera-Codony et al., [76] who used active carbons as siloxane adsorbents and found that the 

polymerization ratios were higher for the active carbons with relatively high surface oxygen 

concentrations. In order to promote the recyclability of the adsorbent, future work about the 
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development of the adsorbent with a neutral surface (minimal amount of hydroxyl group) to 

prevent undesired polymerization reaction will be of interest. Based on the findings in this study, 

balancing the D4 adsorption capacity and polymerization of the adsorbed D4, it is suggested that 

relatively low aluminum dopant amount and a fast heating rate should be implemented for the 

synthesis of mesoporous aluminosilicate as excellent D4 adsorbents. 
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7. CONCLUSIONS 

7.1 Dye degradation  

Mesoporous γ-Fe2O3 and Fe3O4 have been successfully synthesized by changing the reaction 

temperature of a sol-gel based on the inverse micelle method to a higher temperature (100 °C) and 

heating at 150 °C for 12 hours and 250 °C for 4 hours under an air atmosphere and nitrogen 

atmosphere respectively. The mesoporous structures of mesoporous iron oxides are confirmed by 

low-angle XRD, BET, and TEM. Phases of mesoporous iron oxides are confirmed by high-angle 

XRD, Raman spectroscopy, and XANES. All the synthesized materials show vacancies in their 

own structure. The higher reaction temperature (100 °C) forms Fe(II) species. If as-made samples 

are heated under a nitrogen atmosphere, Fe(II) species can be preserved to form the Fe3O4 phase. 

If as-made samples are heated under air atmosphere, Fe(II) species will be oxidized to form the γ-

Fe2O3 phase. Mesoporous γ-Fe2O3 and Fe3O4 have larger pore sizes and smaller surface areas, 

compared with mesoporous 2-line ferrihydrite and α-Fe2O3. The sintering of nanoparticles will 

cause the expansion in pore size and decrease the surface area. The greatest adsorption capability 

of orange II is found in 2-line ferrihydrite (49.3 mg orange II/g cat.) which is two times larger than 

that of commercial Fe2O3. The trend of adsorption capacities of orange II on mesoporous iron 

oxides roughly follows the trend of surface area. The photocatalytic performances of mesoporous 

iron oxides are all better than that of commercial Fe2O3. The apparent rate constants clearly show 

that the best catalyst 2-line ferrihydrite has 6 times better activity than that of commercial Fe2O3. 

All the reaction solutions catalyzed by mesoporous iron oxides have pH drops during the reactions. 

In particular, the pH of the solutions catalyzed by 2-line ferrihydrite drops to 4.4, the largest drop 

among mesoporous iron oxides. The stability test shows the mesoporous iron oxides can maintain 

the performance until the 4th cycle. The meso-structure of the catalyst is reserved after the 4th run 
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of reaction. According to reaction intermediates monitored by ESI/MS, 2-line ferrihydrite catalyst 

can start degrading aromatic rings to smaller species at the beginning of the reaction whereas in 

the solution catalyzed by commercial Fe2O3 a large amount of aromatic species remain until the 

end of reaction. 

7.2 Nitrobenzene hydrogenation 

Magnetically recyclable Pd/meso-γ-Fe2O3 catalysts have been successfully synthesized by 

impregnation and one-step sol-gel methods. The catalysts are designed to have large surface areas, 

pore sizes, and pore volumes, which promote the dispersion of Pd nanoparticles. All of the 

synthesized catalysts have very high selectivity for the aniline product in the nitrobenzene 

hydrogenation reaction. Higher Pd loading accelerates the reaction catalyzed by Pd/meso-γ-Fe2O3 

catalysts using the impregnation and one-step sol-gel methods. Among all the synthesized catalysts 

using the impregnation method, the 1% Pd/meso-γ-Fe2O3-im catalyst has the highest activity and 

highest TOF number due to its large surface area, pore size, pore volume, and interconnected 

network of the iron oxide support. The 2% Pd/meso-γ-Fe2O3-im catalyst has similar reaction rate 

with the 1% Pd/meso-γ-Fe2O3-im catalyst due to Pd nanoparticle aggregation. The 1% Pd/meso-

γ-Fe2O3-im catalyst has a higher activity than 1% Pd/meso-γ-Fe2O3-os catalyst because of more 

accessible Pd nanoparticles on the surface of the mesoporous Fe2O3 support in the Pd/meso-γ-

Fe2O3-im catalyst. The one-step sol-gel synthesis method can help improve the recyclability of the 

Pd/meso-γ-Fe2O3 catalysts by preventing leaching, compared to the impregnation method.  

7.3 Siloxane adsorption 

Aluminum dopant amount and calcination heating rate can be varied to tune the textural properties 

of mesoporous aluminosilicates. Higher aluminum dopant increases the external surface area and 



102 

 

mesopore volume of the mesoporous aluminosilicates, whereas higher calcination heating rate 

increases the BET specific surface area, external surface area, total pore volume, micropore 

volume, and mesopore volume of the mesoporous aluminosilicates. The mesoporous 

aluminosilicates synthesized with a larger amount of aluminum dopant and under a faster 

calcination heating rate has a better adsorption performance. The best adsorbent for D4 adsorption 

is found to be mesoporous aluminosilicate synthesized with Si:Al=5 and under a 10 °C/min 

calcination heating rate. The mesoporous aluminosilicate adsorbent with similar BET surface area 

and total pore volume for ZSM-5 works more than twice as well as a commercial ZSM-5, mainly 

because of the larger pore size and external surface area of the aluminosilicate. The adsorption 

capacities of mesoporous aluminosilicates are linearly related to the BET specific surface area and 

total pore volume and related to the external surface area and mesopore volume in a parabolic way. 

The polymerization of D4 is found to increase with the amount of hydroxyl groups on the surface 

of the aluminosilicates.  
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8. OUTLOOK 

8.1 Introduction 

Photocatalytic water splitting has become an active research area and a promising way to capture 

and store energy [168], since a TiO2 and Pt based catalytic system was discovered in 1972 by 

Fujishima and Honda [169,170]: 

𝐻2𝑂(𝑙) →
1

2
𝑂2(𝑔) + 𝐻2(𝑔); Δ𝐺 = +237𝑘𝐽/𝑚𝑜𝑙 (1.3𝑒𝑉/𝑒)  

The catalyst efficiency in photocatalytic water splitting reaction can be evaluated by the quantum 

yield (QY), which is defined as  

𝑄𝑌 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
× 100%   

The quantum yield of photocatalytic water splitting reaction can be affected by several factors. 

The good light adsorption, long hole diffusion distance (hence long recombination distance), low 

charge recombination in the bulk, fast charge transfer across the surface, and high density of active 

sites contribute to higher quantum yield.  

Over the past three decades, over 130 inorganic materials have been found able to either catalyze 

the overall splitting of water, or induce water oxidation/reduction in the presence of external redox 

agents [171]. Under 270 nm UV light irradiation, the NiO-modified La/KTaO3 photocatalyst 

reported by Kato et al. [172] has 56% apparent quantum yield in water splitting, producing H2 and 

O2 in a stoichiometric amount. However, under simulated sunlight irradiation, the nanocrystalline 

CoO catalyst reported by Liao et al. [173] has only 5% quantum yield in water splitting, producing 

H2 and O2 stoichiometrically. Under 420 nm to 440 nm visible light irradiation, the (Ga1-xZnx)(N1-
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xOx) photocatalyst modified with Rh-Cr mixed oxide nanoparticle has 2.5% quantum yield for 

overall water splitting [174,175].  So far, the limited quantum efficiency (<10%) in water splitting 

reaction with solar light or simulated sunlight has not satisfied the requirement of the process 

commercialization. No material is capable of catalyzing overall water splitting reaction with solar 

light or simulated sunlight with >10% quantum yield and long term stability [176]. Therefore, 

researches on catalysis, especially design of photocatalysts, are of great interest. This proposed 

research aims to develop new materials that can promote the water splitting efficiency.  

8.2 Main process of water splitting 

Figure 53 shows the main process of photocatalytic water splitting [177]. The first step is the 

adsorption of photons to form electron-hole pairs. If the energy of incident light is larger than that 

of a band gap of the catalyst, the electrons on the valence band will be excited to the conduction 

band and holes will be generated on the valence band. The photogenerated electrons and holes 

cause redox reactions, similar to electrolysis. The width of band gaps and energy levels of 

conduction and valence bands are important for this step. The second step includes charge 

separation and migration of photogenerated carriers to surface reaction sites. Catalysts with a small 

amount of defects and large particle sizes are preferred in this step since these characters will slow 

down the recombination rate of electrons and holes. The third step involves the surface chemical 

reaction for H2 and O2 evolution. The number of surface active sites, i.e., surface area of the 

catalyst, is crucial for this step.  
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Figure 53: Main process of photocatalytic water splitting. (Reproduced from ref [177] with permission of 

The Royal Society of Chemistry).   

8.3 Potentials of mesoporous materials in water splitting 

UCT mesoporous materials have a lot of advantages which make them promising for 

photocatalytic water splitting. These advantages are illustrated in Figure 53 and described as 

follows. 

i. Appropriate band gap (good light adsorption) 

The band gap of photocatalysts can be modified by adding dopant into the intrinsic materials. The 

semiconductor materials have a wide range of band gap energies.  

ii. Desired band edge potential  

The desired band edges of catalysts are as follows: (a) the potential of the conduction band is 

higher than the potential of proton reduction and (b) the potential of the valence band is lower than 

the potential of water oxidation.   
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iii. Good charge separation efficiency 

The charge separation efficiency depends on intrinsic electronic and structural properties of the 

catalyst. To improve this efficiency, on one hand, we need to suppress the electron-hole 

recombination rate (long diffusion distance); on the other hand, we need to increase the surface 

charge carrier transfer rate.  

iv. High surface area for active sites 

The high surface area of the catalysts offers enough active sites for generating electrons and holes 

to produce H2 and O2.  

v. Chemical stability 

Mesoporous materials are chemically stable, which makes the catalysts robust under both reducing 

and oxidizing environments.   

8.4 Catalyst design strategy  

The proposed catalyst design strategy include three steps for photocatalyst design. The first step is 

to screen catalysts by band gaps and energy levels of valence band and conduction band in order 

to find suitable materials with good light adsorption property and suitable thermodynamic potential. 

The second step is to optimize the properties of the suitable materials, such as surface area and 

charge transfer efficiency. The third step is to synthesize composite catalyst which includes the 

most suitable material with each function in the reaction, such as light harvest and oxygen 

evolution sites, in order to improve overall quantum yield of photocatalytic water splitting reaction.  
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 Screening the catalysts by band gaps and energy levels of the semiconductors  

The photocatalytic properties of semiconductor catalysts strongly depend on the electronic band 

structure, i.e, band gaps and energy levels of valence and conduction bands. For occurrence of 

water reduction, the potential of conduction band edge must exceed the proton reduction potential 

of 0.0 V vs NHE at pH=0 (-0.41 V at pH=7). To facilitate water oxidation, the potential of the 

valence band edge must exceed the oxidation potential of water of +1.23 V vs NHE at pH=0 (+0.82 

V at pH=7). A diagram about potential energy for water splitting [171] is shown in Figure 54. In 

Figure 54, type I catalyst has the suitable thermodynamic potentials for both water reduction and 

water oxidation reaction. Type II and type III catalysts can only work for half of the water splitting 

reaction. Type IV catalyst is the combination of type II and type III catalysts and the electron 

acceptor and donor couples work at the interface of type II and type III catalysts in order to transfer 

the electrons. The band gaps and energy levels of valence and conduction bands of some common 

semiconductors [177] are shown in Figure 55. Table 10 summarizes some reported catalysts in 

photocatalysis for water splitting reaction.  
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Figure 54: Potential Energy diagrams for water splitting at pH=0: (a) single semiconductor (Type I); (b) 

O2 evolution (water oxidation) (Type II); (c) H2 evolution (water reduction) (Type III); (d) dual 

semiconductor system (Type IV, A represents the electron acceptor and D represents the electron donor). 

(Reprinted with permission from ref [171], copyright (2008) American Chemical Society.) 

 

Figure 55: Band gaps and energy levels of valence and conduction bands of semiconductors for water 

splitting. (Reproduced from ref [177] with permission of The Royal Society of Chemistry).  

Table 10: Selected oxide photocatalysts for water splitting from the literature.  

Catalyst 

type 
Photocatalyst 

Band 

gap / eV 

Co-

catalyst 

Light 

source 

Reaction 

solution 

H2 

production 

(μmol/h) 

O2 

production 

(μmol/h) 

I TiO2 3.2 Pt UV pure water 106 53 

II Fe2O3 2.1 none sunlight 
oxidizing 

reagent 
- 15 

III Co3O4 2.1 none UV pure water 6 - 

I CoO 2.6 none sunlight pure water 11 5.5 

I, III Ta2O5 4.0 NiOx UV pure water 1154 529 

I, III Ga2O3 4.6 NiO UV pure water 46 23 

III SrTiO3:Cr/Ta 2.3 Pt visible 
reducing 

reagent 
70 - 



109 

 

II PbMoO4:Cr 2.3 none visible 
oxidizing 

reagent 
- 71.5 

IV 
Cr/Ta:SrTiO3-

Pt & Pt-WO3 
2.7 Pt visible 

NaI/NaIO3 

redox 

couple 

0.8 84.0 

- Reducing reagent is CH3OH aq; Oxidizing reagent is AgNO3. -not available 

(reproduced from ref [177] with permission of The Royal Society of Chemistry). 

 Optimization of the properties of the suitable materials 

UCT mesoporous materials can provide large surface area, controllable pore size, and controllable 

morphology and crystallinity by changing the synthesis conditions [177]. From the dye 

degradation application of mesoporous iron oxide, it proved that phases, surface area, crystallinity, 

and pore size of mesoporous iron oxide can be tuned by the reaction temperature and calcination 

atmosphere. Usually when the calcination temperature increases, the crystallinity of mesoporous 

metal oxides increases and surface areas of mesoporous metal oxides decrease. For photocatalytic 

water splitting reaction, catalysts with high degree of crystallinity is often preferred. Because the 

high crystallinity will reduce the number of boundaries and defects, which work as recombination 

centers between photogenerated electrons and holes [177]. Then the electrons and holes with 

prolonged life time caused by slow recombination rate can improve the photocatalytic activity of 

catalysts. However, increase of crystallinity of catalysts will make a compromise with high surface 

area, which is directly related to the amount of active sites for the surface hydrogen and oxygen 

evolution reactions. Figure 56 shows the how the synthesis conditions can affect the crystallinity 

and surface area of photocatalysts in the case of TiO2. There is an optimum point to balance these 

two structural parameters for photocatalysts. The tunable structural properties of UCT mesoporous 

materials provide the opportunity to find the optimum synthesis conditions for the best 

photocatalysts.  
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Figure 56: Synthesis conditions affecting photocatalytic activity of TiO2. (Reproduced from ref [177] with 

permission of The Royal Society of Chemistry).  

Furthermore, the interconnected mesoporous network of UCT mesoporous materials can help with 

the dispersion of nanoparticle active sites. From the application of nitrobenzene hydrogenation, it 

has been proved that the Pd nanoparticles in mesoporous iron oxide catalyst can be dispersed very 

well by the interconnected mesoporous network. Another results reported by Jiao et al. [178] also 

proved the importance of dispersion of active sites of the catalysts.  The mesoporous silica was 

used to stabilize MnOx nanoclusters and the oxygen evolution activity of manganese oxide 

catalysts could be improved. Since the active centers of the water oxidation reaction on manganese 

oxide is Mn3+, the controllable synthesis of MnOx with enriched Mn3+ species is therefore highly 

desired. Stabilization of Mn3+ active centers by mesoporous materials can prevent the aggregation 

of nanoparticles, improving the catalyst activity.  

In addition, the large pore size (up to 24.5 nm) and the interconnected mesoporous network of the 

UCT mesoporous materials provide the opportunity for further modification of the catalysts in 

various ways. For example, the fast recombination rate is a common problem of semiconductors 
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in water splitting application. Improving the conductivity of the catalysts is an efficient way to 

separate electrons and holes, and thus suppress the recombination in the first step of water splitting. 

The electronic communication between the active center and redox species can be improved by 

adding conductive materials, such as Au nanoparticles [179] or conductive polymers. The big pore 

size and mesoporous network of mesoporous materials provide enough space to accommodate 

these conductive materials in the pore structure. Furthermore, since the mesopores of UCT 

mesoporous materials are interconnected, a connected chain-shape or tree-shape conductor can be 

formed inside the mesoporous metal oxides, which will possibly increase the photocatalytic 

activity of the catalysts.  

 

Figure 57: Schematic diagram of improving UCT mesoporous materials by adding gold nanoparticles 

and/or chain-shape or tree-shape conductive polymer.  

 Composite catalyst with separate functions in each part 

The high quantum yield catalysts which can decompose pure water under sunlight irradiation 

without any sacrificial reagents are desirable for the photocatalytic water splitting reaction. As 

discussed before, the challenges for efficient photocatalysts of the water splitting reaction with 

high quantum yield are to develop a catalyst which has small band gap, suitable band edges, good 

charge transfer efficiency, and a large surface area at the same time. It is difficult to find a single 
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semiconductor which has so many merits. Therefore, one of the strategy to make efficient catalysts 

is to separate the desired functions of the catalyst by synthesize composite catalysts which can take 

the advantages of several different materials. A typical example is the catalyst synthesized by 

Maeda et al [180]. Figure 58 shows the schematic diagram of Rh-Cr mixed oxide nanoparticle 

promoted (Ga1-xZnx)(N1-xOx) photocatalyst. In their catalyst system, a solid solution of GaN and 

ZnO was used as the materials to harvest visible photons and Rh/Cr2O3 and Mn3O4 nanoparticles 

were used as a H2 evolution catalyst and an O2 evolution catalyst, respectively. Comparing with 

the catalysts without an efficient water oxidation center (Mn3O4), combination of the Rh/Cr2O3 

and Mn3O4 will largely increase the overall performance of the catalyst.  

 

Figure 58: Schematic diagram of the Rh-Cr mixed oxide nanoparticle promoted (Ga1-xZnx)(N1-xOx) 

photocatalyst. (Reproduced from reference [180] with permission of Wiley)  
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8.5 Proposed catalysts for water splitting  

 Mesoporous iron oxide based catalysts for O2 evolution  

Iron oxide (α-Fe2O3) with low a band gap (~2.1eV, which absorbs light up to 600 nm wavelength), 

low cost, and high chemical stability is very promising for a water splitting catalyst. Due to the 

energy levels of conduction and valence band and the energy levels of water reduction and 

oxidation, iron oxide can be used as a water oxidation catalyst. However, its poor conductivity and 

high electron-hole combination rate are major challenges to be overcome [181]. The approaches 

to improve iron oxide are to introduce heteroatom as the dopant [182–184], to control morphology 

and crystallinity of iron oxide. Because introducing impurities can increase the carrier density and 

improve the conductivity of hematite. The morphology and crystallinity of iron oxide synthesized 

by the sol-gel method can be controlled by synthesis conditions, such as surfactant type and amount 

and calcination process. Nanorod or nanoarray morphology is preferred because light can be 

absorbed along the longitudinal direction and electrons and holes can be separated along the 

transverse direction.  

 Catalysts for overall water splitting 

A multi-component composite catalyst (quantum dots promoted NiOx-Fe2O3/Co3O4/graphene) is 

promising for overall water splitting under sunlight irradiation. Mesoporous cobalt oxide is chosen 

as the matrix of the catalyst since cobalt oxide has been widely reported to be an efficient catalyst 

for water oxidation and water reduction reactions. The high surface area of UCT mesoporous 

cobalt oxide will further help increase the performance of the catalyst. Graphene is used as the 

conductive materials to charge transfer between different components of the catalyst. Because 

graphene which has two-dimension sp2 hybridized carbon atoms has extraordinary electrical 
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properties and an ultra large surface area. NiO is chosen as a water reduction catalyst. Because the 

NiO and NiOx are not noble-metal oxides and have been used as co-catalysts by many researchers 

[177]. Since Fe2O3 has a small band gap (~2.1 eV), good light absorbability, and low-cost, Fe2O3 

is used as a water oxidation catalyst. The light adsorption property of the proposed catalyst can be 

also improved by CdSe/CdS core-shell quantum dots which can absorb the lights below 500-600 

nm wavelength. During the catalyst synthesis, fabrication of interfaces of semiconductors will be 

essential for the overall performance of the catalyst.   

8.6 Proposed experimental strategy 

 Experimental setup  

A schematic diagram of experimental setup for the photocatalytic water splitting is shown in 

Figure 59. Light irradiation is introduced from the top of the reactor. The opening of the quartz 

window can be used to control the area of light irradiation, and filters can be added on the top of 

the quartz window to examine the effect of wavelength of the light. Cooling system can be added 

outside the reactor which will help maintain the temperature of the reactor. The photoreactor 

should be a gastight system, having openings for gas inlet, gas outlet, and the sensor. The data 

from the sensor can be recorded by the computer.  
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Figure 59: Experimental setup for the water oxidation reaction and overall water splitting.  

 Experimental conditions 

Water oxidation reaction conditions 

Ru(bpy)3
2+ can be used as photon collector. Na2S2O8 and Na2SO4 will be used as sacrificial agents. 

Simulated sunlight will be used as a light source. Dissolved oxygen sensor can be used as the 

oxygen meter. Na2SiF6−NaHCO3 can be used as buffer solution.  

Overall water splitting conditions  

Visible light or simulated sunlight (Xenon lamp) will be used as the light source. No additional 

oxidizing agent of reducing agent will be used. It is also possible to use D2O and H2O
18 isotopes 

to reveal the rate determining step of the reaction on the newly developed catalyst. Because the 

reaction rate of the reaction can be affected by the isotopes.  
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