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ABSTRACT 
 

Facile Synthesis and Improved Pore Structure Characterization of Mesoporous γ-alumina 
Catalyst Supports with Tunable Pore Size 

 
Baiyu Huang 

Department of Chemistry and Biochemistry, BYU 
Doctor of Philosophy  

 
Mesoporous γ-alumina is the most extensively used catalysts support in a wide range of 

catalytic processes. The usefulness of γ-alumina relies on its favorable combination of physical, 
textural, thermal, and chemical properties. Pore structure properties are among the most 
important properties, since high surface area and large pore volume enable higher loading of 
active catalytic phases, while design of pore size and pore size distribution is critical to optimize 
pore diffusional transport and product selectivity. In addition, accurate determination of surface 
area (SA), pore volume (PV) and pore size distribution (PSD) of porous supports, catalysts, and 
nanomaterials is vital to successful design and optimization of these materials and to the 
development of robust models of pore diffusional resistance and catalyst deactivation. 

In this dissertation, we report a simple, one-pot, solvent-deficient process to synthesize 
mesoporous γ-alumina without using external templates or surfactants. XRD, TEM, TGA and N2 
adsorption techniques are used to characterize the morphologies and structures of the prepared 
alumina nanomaterials. By varying the aluminum salts or the water to aluminum molar ratio in 
the hydrolysis of aluminum alkoxides, γ-alumina with different morphologies and pore structures 
are synthesized. The obtained alumina nanomaterials have surface areas ranging from 210 m2/g 
to 340 m2/g, pore volumes ranging from 0.4 cm3/g to 1.7 cm3/g, and average pore widths from 4 
to 18 nm. By varying the alcohols used in the rinsing and gelation of boehmite/bayerite 
precursors derived from a controlled hydrolysis of aluminum alkoxides, the average pore width 
of the γ-aluminas can be tuned from 7 to 37 nm. 

We also report improved calculations of PSD based on the Kelvin equation and a 
proposed Slit Pore Geometry model for slit-shaped mesopores of relatively large pore size (>10 
nm). Two structural factors, α and β, are introduced to correct for non-ideal pore geometries. The 
volume density function for a log normal distribution is used to calculate the geometric mean 
pore diameter and standard deviation of the PSD. The Comparative Adsorption (αs) Method is 
also employed to independently assess mesopore surface area and volume.  

 
 
Keywords: mesoporous material, synthesis, solvent deficient method, γ-Al2O3, N2 adsorption, 
surface area, pore volume, pore size distribution 
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Chapter 1  
 

Introduction 
 

Aluminum oxide, or alumina, is a material of great importance in our daily lives and in 

industry and is well known to have a number of polymorphs.1, 2 The thermally stable form α-

alumina, or corundum, is extensively used as a functional ceramic material in a wide range of 

applications due to its good electrical insulation, high mechanical and compressive strength, 

hardness, moderate thermal conductivity, high corrosion and wear resistance, good gliding 

properties, low density, high operating temperature, and relative chemical and biological 

inertness.1-3 Transitional aluminas on the other hand, especially γ-alumina, are extensively used 

as catalyst supports due to their favorable textural properties and mechanical/thermal stability.4 

Some forms of mesoporous alumina are useful as catalysts or co-catalysts due to inherent 

Bronsted and/or Lewis acid site densities. 

Mesoporous aluminas (MAs) are a relatively new class of tailored, high-surface-area 

support materials characterized by narrow mesopore size distributions and in selected cases 

ordered pore structures at the nanoscale.5, 6 Average pore diameters are largely in the range of 3-

7 nm, although pore diameters of 10-15 nm have also been prepared.5, 6 Due to their higher 

specific surface area, the density of active sites in MAs is also higher; in addition to Bronsted 

and Lewis acid sites, these materials contain a relatively high density of basic sites relative to 

conventional aluminas. Basic sites enhance the strong interaction of metal oxides (used in 

oxidation and partial oxidation reactions) with the alumina support, thereby enhancing catalytic 

activity of oxide catalysts. Because of their higher surface areas, MAs can support higher 

loadings of metals, metal oxides, and metal sulfides while maintaining a high dispersion of the 
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active phase. For example, 30% Mo/MA is found to have higher activity than Mo supported on 

conventional aluminas.7, 8 In the case of MAs with moderately large pores (e.g., 10-15 nm), the 

open pore structure also enhances the diffusion of reactant and product molecules. Therefore, 

MAs having highly desirable surface area and pore structural properties are likely to find 

application as supports or co-catalysts in a number of catalytic processes.  

The key to developing and utilizing alumina materials lies in being able to efficiently 

produce such materials with desired properties. It is well known that the properties of aluminas 

are largely dependent on its preparation conditions.1, 2, 5, 6, 9 Variations in synthetic route and 

corresponding experimental parameters can cause variations in the size, morphology, structure, 

and surface characteristics of resulting aluminas, thereby altering their physical properties and 

functionality. As a result, careful characterization of aluminas with different morphologies and 

structures are essential not only for determining their properties and appropriate applications, but 

also for understanding the chemistry involved in different preparation techniques. 

This study reports the development of facile, solvent-deficient strategies to synthesize 

mesoporous aluminas with different morphologies and pore properties. We also report an 

improved calculation to characterize the pore structures of aluminas. In order to compare our 

method and understand the chemistry of alumina, it is important to provide an overview of the 

forms and types of aluminas and existing synthesis methods. Following this overview, a synopsis 

of the work reported in this dissertation is provided. 

1.1 Nomenclature 
The word “alumina” is derived from the word “Alumen” used by the Romans to describe 

materials with a styptic or astringent property, which may have included impure forms of 

aluminum sulfate and alum.10 Currently, alumina is frequently used in the generic identification  
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 of any of the several crystalline forms of aluminum oxides (Al2O3), aluminum hydroxides 

(Al(OH)3), and aluminum oxide hydroxide (AlOOH).  

Table 1.1 shows several different nomenclature systems for the various forms of 

aluminum hydroxides and oxides.11 It is evident from Table 1.1 that due to historical origins and 

different language systems, different forms of aluminas may have similar-sounding names and a 

certain form of alumina may be assigned a Greek letter in one nomenclature system that refers to 

a different form in another system. It is difficult to say which system is most widely used and 

accepted. However, Alcoa, Symposium, and mineralogical nomenclatures and the mixture of 

these are commonly used in the United States. For the sake of clarity in this dissertation, the 

mineralogical definitions will be used for hydroxide forms and symposium identifications will be 

used for aluminum oxides.  

Gibbsite 

Boehmite 

25 200 100 300 400 

Temperature (°C) 

1000 900 800 700 600 500 1200 1100 

Bayerite 

Diaspore)

Chi 

Boehmite Delta Theta Alpha 

Eta Theta Alpha 

Kappa Alpha 

Alpha 

Figure 1.1 Decomposition sequences of alumina hydroxides, adapted from Ref. 2.!
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1.2 Forms and types aluminum hydroxides and oxy-hydroxides 
Among the alumina family, only α-Al2O3 corundum is a stable oxide, while other 

derivatives, referred to as transitional aluminas, are considered to be metastable. They are formed 

upon the gradual dehydration of various hydroxides and oxyhydroxides,12 and occur in the 

following transformation sequences shown in Figure 1.1. Therefore, it is important to understand 

the structures and properties of these aluminum hydroxides and oxyhydroxides. 

1.2.1 Gibbsite 

Gibbsite, as shown in Table 1.1, is one form of aluminum hydroxide, Al(OH)3. It is the 

main constituent of bauxite found in tropical regions and North America. In industry, gibbsite is 

mainly produced via the Bayer process,3 in which bauxites containing 40-70% of the aluminum 

minerals gibbsite, boehmite, or diaspore plus some other minor iron and titanium minerals, are 

digested with sodium hydroxide solution at 130 °C to 280 °C. 

According to the reactions: 

                                   Al(OH)3 + NaOH  Al(OH)4
- + Na+                                           (1.1) 

                            AlOOH + H2O + NaOH    Al(OH)4
- + Na+                         (1.2) 

aluminum minerals are leached and filtered. By reversing the temperature for Reaction 1.1 to 50 

°C to 80 °C, precipitation of gibbsite occurs.  

The gibbsite structure was first proposed by Pauling in 1930,13 and subsequently 

confirmed by Megaw in 1934.14 As shown in Figure 1.2, the basic structural elements of gibbsite 

are double layers of OH- ions with Al cations occupying two-thirds of the octahedral interstices 

within the layers.15 The hydroxides of adjacent layers are located opposite each other in a cubic 

packing arrangement. As a result, the packing sequence of OH- ions in the direction 

perpendicular to the planes is AB-BA-AB-BA. 
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The gibbsite lattice is monoclinic, space group . The symmetry is derived from a 

hexagonal close packing of the hydroxide ions and can be described as a displacement of the 

double layers relative to each other in the direction of a-axis. However, triclinic gibbsite showing 

displacement along both a- and b-axis has also been reported.16 

Gibbsite is an important industry product. Most of the gibbsite is used as an intermediate 

to produce aluminum. Other applications are filler for paper, fireproofing and reinforcing agent 

for plastics and rubber, and raw material for the preparation of aluminum compounds.2, 3 

1.2.2 Bayerite 

Bayerite is another form of aluminum hydroxide. Unlike gibbsite, it is rarely found in 

natural minerals. Commercially available bayerite is mainly used for the preparation of catalysts 

and catalyst supports that required high purity alumina. 

C2h
5

Figure 1.2 Structure of gibbsite and bayerite. (Red: Oxygen; White: Hydrogen). Adapted from Ref. 15. 
!
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In the laboratory, bayerite can be prepared by immersing aluminum depassivated by 

amalgamation in pure water at room temperature,17 neutralization of aluminum salt solutions by 

ammonium hydroxide below 50 °C, neutralization of sodium aluminate solution by carbon 

dioxide,18 and hydrolysis of aluminum alkoxides with a large excess of water below 40 °C.19 

As shown in Figure 1.2, the structure of bayerite is very similar to that of gibbsite. It is 

composed of the same basic layers of Al-OH octahedra. However, these layers are stacked in an 

AB-AB sequence, rather than AB-BA-AB-BA sequence observed in gibbsite, and linked by 

hydrogen bonds. 

Due to the lack of large, single crystals of bayerite for structure determination, there is 

disagreement on the crystal system of bayerite. Montoro first proposed a brucite type of 

structure,20 but a later study by Lippens concluded that the brucite structure is distorted since 

one-third of cation sites in bayerite are vacant.12 According to later studies, the crystal system of 

bayerite is believed to be monoclinic.21, 22 

1.2.3 Boehmite 

Boehmite is the most important form of aluminum oxy-hydroxide, AlOOH. The mineral 

boehmite is often found together with gibbsite and bauxite deposited in the Tertiary and Upper 

Cretaceous age. However, in many bauxite of older Mesozoic strata, boehmite is the only 

constituent.2 In industry, boehmite is an important precursor for activated aluminas used in the 

manufacture of catalysts and adsorbents. 

In the laboratory, boehmite can be prepared by neutralization of aluminum salt solutions 

or sodium aluminate solution, or hydrothermally treating aluminum hydroxide at temperatures 

near or above 100 °C. It can also be obtained by heating coarse gibbsite or bayerite particles in 

air at temperatures ranging from 110 °C to 300 °C.2 
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As shown in Figure 1.3, the structure of boehmite consists of double layers in which the 

oxygen ions are arrayed in cubic stacking sequence and the symmetry is orthorhombic. However, 

there has been discussion about the actual positions of the hydrogens. Refinement studies by Hill 

et al. reported that the hydrogens are located asymmetrically between bonded oxygen ion pairs.23 

A subsequent study by Corbato et al. concluded that the hydrogens are located in two positions, 

being closer to one oxygen than to the corresponding oxygen in the next layer.24 Given the 

information of the IR study by Russell et al., the space group of boehmite is .25  

1.2.4 Other aluminum hydroxides and oxy-hydroxides 

Gibbsite, bayerite and boehmite are the three most important forms of aluminum 

hydroxides and oxy-hydroxides. Other aluminum hydroxide and oxy-hydroxide types include 

nordstrandite, diaspora and tohdite. Due to their low abundance and relatively complicated 

preparation, they are not widely used in industry. There structural properties are listed in Table 

1.2.  

C2v
12

(a) (b) 

Figure 1.3 Views of the boehmite structure highlighting along the (a) x-axis and (b) z-axis. 
Red: Oxygen; White: Hydrogen; Green: Aluminum. Adapted from Ref. 2.!
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1.3 Forms of alumina 

Based on the arrangement of oxygen anions, alumina structures can be divided into two 

categories (1) a face-centered cubic (fcc) structure and (2) a hexagonal close-packed (hcp) 

structure. The distribution of cations within each subgroup determines the different polymorphs.2 

The Al2O3 structures based on fcc packing include γ, η, δ and θ, whereas the Al2O3 structures 

based on hcp packing of oxygen include α, χ and κ. 

1.3.1 Aluminas based on face-centered packed oxide anions 

1.3.1.1 γ-alumina 

γ-Al2O3 has been described as a defect spinel structure,2 which are any of a class of 

minerals of general formulation A2B2O4 which crystallizes in the cubic (isometric) crystal 

system. The oxide anions are arranged in a cubic close-packed lattice and the cations A and B 

occupying some or all of the octahedral and tetrahedral sites in the lattice.  

Figure 1.4 shows the unit cell of γ-Al2O3. The 

commonly accepted structure of γ-Al2O3 is the ideal 

spinel (space group Fd-3m), and it contains close 

packed oxygen ions in 32e Wyckoff positions, while 21 

and a third aluminum cations are distributed over 16d 

octahedral and 8a tetrahedral sites.26 Although a 

tetragonally distorted structure with a cation/anion ratio 

between 0.983 and 0.987 are reported by selected area 

diffraction (SAD),12 the true symmetry of the tetragonally distorted structure is described by one 

of the tetragonal space groups, which is expected to be the maximal subgroup of Fd-3m.  

The greatest confusion surrounding γ-Al2O3 is the distribution of vacancies in the 

structure. Analysis of neutron and X-ray diffraction, and electron microscopy data show that the 

Figure 1.4 Unit cell of γ-alumina. 
(Red: Oxygen, Blue: Aluminum) 
Adapted from Ref. 26. 
!
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vacancies are all placed on octahedral27 or tetrahedral28 sites, or distributed over both spinel site 

positions.29, 30 Data of other methods also support these conclusions: the occupation of vacancies 

on octahedral sites is supported by several computational studies.31, 32 Vacancy occupation on 

tetrahedral sites is supported by the nuclear magnetic resonance (NMR) study of John et al.33 and 

the molecular dynamics simulation of Blonski and Garofalini et al.34 However, the NMR and 

computational work of Lee et al.35 showed vacancy distribution over both octahedral and 

tetrahedral positions. Based on powder XRD results, Shirasuka et al.36 suggested that 62.5% of 

the aluminum ions occupy two 16-fold (16c and 16d) octahedral sites and assumed the remaining 

aluminum ions to be distributed equally over the eightfold and the 48-fold tetrahedral sites.  

Among the transitional aluminas, γ-Al2O3 is the most widely used form in the filed of 

catalysis. It is mostly employed as catalyst supports due to its moderately high surface area, 

adequate pore volume for high metal loadings, tunable pore size, and high thermal stability over 

a wide range of temperatures. It is used, for example, as catalysts supports in alkene and benzene 

hydrogenation, catalytic reforming, hydrotreating, emission control, methanol synthesis, the 

water-gas-shift reaction, and oxychlorination.1, 5 Because of its abundant Bronsted and/or Lewis 

acid sites, it can also be used as the active catalytic phase in applications requiring acid sites, e.g. 

alkylation, isomerization, polymerization, hydrogenation and Claus reaction to produce 

elemental sulfur.  

1.3.1.2 η-alumina 
η-Al2O3 also belongs to space group Fd-3m. The structure of η-Al2O3 is almost identical 

to that of γ-Al2O3, except that no aluminum cations occupy the eightfold, tetrahedral sites.37 SAD 

results reveal that η-Al2O3 formed from hydroxides is also tetragonally distorted, with a 

cation/anion ratio between 0.985 and 0.993.12 
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η-Al2O3 is also a material of great promise for catalytic applications such as petroleum 

refinement. For example, the exceptional activity of η-Al2O3 for isomerization of terminal olefins 

is attributed to the high acidity of the catalytically active sites,38 which is also the reason why η-

Al2O3 exhibits a higher catalytic activity than γ-Al2O3 in many reactions, including cracking of 

2,4-dimethylpentane and isomerization of 1-pentene and p-xylene.39 

1.3.1.3 δ-Alumina 
δ-Al2O3 is a super-lattice of the spinel structure with ordered cation vacancies.12, 37 The 

“super cell” of δ-Al2O3 consists of three spinel unit cells. However, two kinds of unit cells, 

tetragonal and orthorhombic, have been proposed for δ-Al2O3 obtained from different 

precursors.12, 37 The former is derived from boehmite possesses a tetragonal δ unit cell with aδ = 

bδ = aγ, and cδ = 3aγ, whereas the latter has parameters aδ = aγ, bδ = 1.5aγ, and cδ = 2aγ.40  

Repelin and Husson et al. describe δ-Al2O3 as a P-4m2 space group, which contains 80 

ions with 4 cation vacancies randomly distributed over octahedrally coordinated sites,41 but no 

other results have been published to support the existence of this structure. P212121 space group 

was also proposed for δ-Al2O3 by a convergent-beam electron diffraction (CBED) study.42 

However, no information was provided for the specific ionic positions. 

In industry, δ-Al2O3 is mostly used as reinforcement in metal matrix composites. 43, 44 

1.3.1.4 θ-Alumina 
As shown in Figure 1.5, θ-Al2O3 is a well-

characterized structure with the monoclinic space 

group C2/m and the aluminum cations are distributed 

equally between tetrahedral and octahedral sites.45 It 

Figure 1.5 Unit cell of θ-alumina. 
(Red: Oxygen, Blue: Aluminum) 
Adapted from Ref. 45.!
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has been reported to be multiple twinned, mainly on the (001) plane. 46 Although the true 

symmetry of θ-Al2O3 is monoclinic, this phase may also appear orthorhombic as the result of 

polysynthetic twinning.47 

1.3.2 Aluminas based on hexagonal close-packed oxygen anions 

1.3.2.1 α-alumina 
 

α-Al2O3 is well defined as having trigonal 

symmetry with rhombohedral Bravais centering 

(space group R-3c). The primitive cell contains 

two formula units of aluminum oxide. The oxygen 

ions form a slightly distorted hexagonal close-

packed structure whereas aluminum ions fill two-

thirds of the octahedral interstices. The oxygen 

anions occupy 18c Wyckoff positions with 

coordinates x, 0, 1/4 (x = 0.306), whereas the 

aluminum cations are at 12c positions with coordinates 0, 0, z (z = 0.347).48 The aluminum 

cations are displaced along the [001] direction toward the neighboring empty octahedral sites. 

The hexagonal parameters for α-Al2O3 are c = 1.297 nm and a = 0.475 nm, with cation/anion 

ratio of 2.73.49 As shown in Figure 1.6, the lattice roughly consists of alternating layers of 

oxygen and aluminum ions.50 

1.3.2.2 χ-alumina 

Three different structures have been proposed for χ-Al2O3. Stumpf et al.51 suggested that 

χ-alumina has a cubic unit cell with a lattice parameter of 0.795 nm, whereas other researchers 

proposed hexagonal unit cells with either a = 0.556 nm and c = 1.344 nm (space group P6/mm) 

Figure 1.6 Structure of α-alumina. view of 
plane (0 1 -1 0) on the left and (0 0 0 1) on 
the right side. (Red: Aluminum, Grey: 
Oxygen) Adapted from Ref. 50. 
!
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or a = 0.557 nm and c = 0.864 nm.52 It is reported that hexagonal χ-Al2O3 possesses a layered 

structure in which the hexagonal arrangement of oxygen is inherited from the structure of 

gibbsite and aluminum occupies octahedral sites within the hexagonal structure.2 However, it is 

not clear whether all of the three exist. 

1.3.2.3 κ -alumina 
κ-Al2O3 is widely prepared in chemical vapor deposition (CVD) technology. Its structure 

was determined by convergent-beam electron diffraction (CBED).53 The results showed that the 

structure is orthorhombic and the space group is Pna21 (lattice parameters: a = 0.469 nm, b = 

0.818 nm, c = 0.887 nm). A study by Ollivier et al. concludes that the aluminum ions to be 

inserted between the oxygen layers in both octahedral and tetrahedral positions are in a 3:1 

ratio,54 which was confirmed by first principles calculations based on periodic density functional 

theory (DFT) with a plane wave basis set. 55 

1.4 Preparation of alumina 

1.4.1 Al2O3-H2O systems 

Aluminum hydroxides are amphoteric. They are soluble in both strong bases and strong 

acids. The species in solution are mainly AlO2
- anions at pH > 9, whereas Al(H2O)6

3+ is present 

at pH < 4. In the pH range between 4 and 9, precipitation of aluminum hydroxide takes place and 

produces a poorly ordered solid phase.  

The precipitation of aluminum hydroxide often occurs in water or a mixture of water and 

an organic solvent. The freshly precipitated aluminum hydroxides and/or aluminum oxy-

hydroxides often contain a significant amount of solvent molecules, forming a wide variety of 

two-phase systems that are referred to as alumina gel or gelatinous aluminas. Depending on the 

preparation method, the solid may be present as discrete particles ranging from a few nanometers 
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to micrometers, or it forms chemically bonded, three-dimensional polymeric networks. The 

formation of the gelatinous alumina can be described as polymerization/condensation of 

Al(H2O)6
3+ octahedrals.  

Due to polarization of the water molecules by Al3+ ions,56 proton loss occurs as follows: 

                           Al(H2O)6
3+ 

   2Al(OH)(H2O)5
2+ + H+                                         (1.3) 

The resultant complex will dimerize by condensation 

                     2Al(OH)(H2O)5
2+ 

   Al(OH)2(H2O)8
4+ + 2H2O                                (1.4)                 

As illustrated in Figure 1.7, further condensation/polymerization can proceed in one of 

two ways: (1) forming chains by linking octahedra through common edges or (2) forming 

hexagonal rings which further coalesce to large polynuclear complexes.2 According to Baker et 

al.,57 “fast” polymerization resulting from high concentration of the hydroxyl intermediate leads 

Figure 1.7 Polymerization of gelatinous alumina. (a) Al(H2O)6
3+, (b) 2Al(OH)(H2O)5

2+ , 
(c) chain-like boehmite polynuclear complex (d) plate-like boehmite polynuclear complex. 
Adapted from Ref. 2. 
!
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to chain-like agglomeration whereas “slow” polymerization due to low hydroxide concentration 

or aging results in sheet-like aggregation. 

The degree of crystalline order, particle size, and chemical composition of the gelatinous 

aluminas are determined by several factors, including temperature, rate of precipitation, final pH, 

ionic composition, concentration of starting solution, and aging time. So far, the most common 

aluminum hydroxides and oxy-hydroxides produced are gibbsite, bayerite and boehmite. 

1.4.2 Current synthesis of mesoporous alumina 

Preparations of mesoporous aluminas (MAs) have evolved from methods used in the 

synthesis of mesoporous molecular sieves and silicas using triblock copolymers as structure-

directing agents.58 For example, Huo et al. extended the method developed for synthesis of 

mesoporous molecular sieves to synthesis of non-silica-based materials.59, 60 Subsequently, a 

number of methods were developed for synthesis of MAs. These can be divided into two 

categories: (1) Primary Synthesis, involving reaction of organic or inorganic Al-containing 

compounds with excess water or an aqueous base to precipitate a hydroxide or aluminum hydrate 

such as boehmite or bayerite; and (2) Secondary Synthesis, involving sol-gel formation from an 

aluminum hydrate (typically boehmite) followed by dehydration/calcination to γ- and other 

transitional-aluminas.   

Methods for preparing mesoporous aluminas with unusually high surface areas (300-700 

m2/g), large pore volumes (0.6-1.6 cm3/g), and narrow pore-size distributions have been 

summarized in recent representative reviews.5, 6 They typically involve the in-situ sol-gel 

processing of aluminum ions from an aluminum salt or alkoxide to a crystalline aluminum 

hydroxide (Al(OH)3 or bayerite) or oxide hydroxide (AlOOH or boehmite) in the presence of 

templates or structure-directing agents (SDAs) such as surfactants and large molecular weight 
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polymers through scaffolding,61, 62  nanocasting,63, 64 hydrothermal treatment,65 precipitation,66 

and cation-anion double hydrolysis.67, 68 

Table 1.3 Types of surfactants and interaction between surfactant head group and inorganic precursor 

Surfacant type Interaction type Interaction 
pathway a Examples 

Cationic S+ Electrostatic 
interaction S+I- CTAB,CPC,  

N-Dodecylpyridinium chloride   S+X-I+ 

Anionic S- Electrostatic 
interaction S-I+ alkylbenzene sulfonates, laurylsulfate, di-alkyl 

sulphosuccinate    S-M+I- 

Neutral S0/N0 H-bonding 
interaction S0I0 Pluronic P123, F127 

  N0I0 
a. S is the surfactant, I is the inorganic phase and X is the mediating anionic species, M is 

intermediate cation, S0 is neutral amine, I0 is hydrated inorganic oligomer and N0 is non-ionic template. 
Adapted from Ref.69. 

Depending upon the dissociation of surfactant molecule in aqueous media, there are three 

types of amphiphilic surfactants: cationic surfactants, anionic surfactants, and non-ionic 

surfactants. Based on the surfactant type and the interaction between metal and surfactant, six 

different synthesis pathways have been readily employed to prepare mesoporous materials under 

a wide range of pH, temperatures, and surfactant nature and their concentrations.69 As listed in 

Table 1.3, the six pathways are S+I−, S−I+, S−M+I−, S+X−I+, S0I0 and N0I0, where S is the 

surfactant, I is the inorganic phase and X is the mediating anionic species, M is intermediate 

cation, S0 is neutral amine, I0 is hydrated inorganic oligomer and N0 is non-ionic template. 

1.4.2.1 Cationic surfactants 
Although S+I- pathways have been widely used for the preparation of mesoporous silica, 

it is not the case in the synthesis of mesoporous alumina. For the synthesis carried out in aqueous 

solution at pH below the isoelectric point of alumina or by hydrolysis of aluminum alkoxides in 

organic media, the inorganic species in solution would be cationic. Therefore, S+X-I+ pathways 

are more applicable. 
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The first reported synthesis of aluminum hydroxide-cationic surfactant mesophases was 

carried out by Acosta et al.70 In their study, 20-50 wt% of alkyltrimethylammonium bromide was 

used as cationic surfactant in an aqueous solution. Aluminum chloride was used as starting 

material and precipitated by adding urea at pH close to 7. After removal of the surfactant at 450 

°C in nitrogen and calcination in air, poorly crystalline mesoporous aluminas were obtained. In 

addition, the difference in the textural properties (surface area, pore volume and pore size) 

between the sample preparation with and without surfactant is very small, indicating 

alkyltrimethylammonium cation is not a good SDA. Subsequently, atrane complexes were used 

to improve the properties of aluminas obtained using cetyltrimethylammonium bromide 

(CTAB).71, 72 Triethanolamine (TEA) was added to form complexes with aluminum sec-butoxide 

to control the hydrolysis reaction. By varying the water/TEA ratio, the pore size of the alumina 

was adjusted from 3.3 to 6.0 nm. The porosity was attributed to the voids created by the 

agglomeration of small alumina crystallites. Hydrothermal treatment was also reported for the 

synthesis of mesoporous alumina using cationic surfactants (CTAB) in the presence of alcohol 

using aluminum sec-butoxide as starting material.65, 73, 74 Pore sizes of the obtained aluminas 

were reported to be controlled by adding formamide.74  

1.4.2.2 Anionic surfactants 
When anionic surfactants (S-) are used, the reaction pathway can be S-I+ or S-M+I-, 

depending on the pH. At pH < 5, a mesophase with direct interaction between the surfactant (S-) 

and alumina species (Al(H2O)6
3+) was obtained. At pH > 8, cations (usually Na+) are 

incorporated at the interface between the surfactant and anionic aluminate species. 

The synthesis of mesoporous alumina using anionic surfactants was first carried out by 

precipitation of aluminum hydroxide.6 An an aqueous solution of aluminum nitrate was added to 
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NaOH aqueous solutions containing alkylphosphates.6 Subsequently, Yada et al. employed urea 

to obtain aluminum hydroxide from aluminum nitrate solutions containing sodium dodecyl 

sulfate (SDS). After surfactant removal with ethanol or acetone, the mesoporous structure of the 

obtained aluminas collapsed.75 Later studies showed a strong interaction between the sulfate 

head groups and the alumina framework.76, 77 The collapse of the mesoporous structure was 

attributed to the low Al-O-Al connectivity due to the high surfactant content (55 wt% of SDS).78  

Valange et al. reported several synthesis strategies in aqueous mediums using different 

aluminum sources (aluminum nitrate and Al13 Keggin polycations) and anionic surfactants 

(carboxylic acids).79 Aluminas with surface areas ranging from 110 to 810 m2/g, pore volumes 

ranging from 0.08 to 0.89 cm3/g and pore sizes ranging from 1 to 6 nm, were obtained. However, 

the pore structure collapses after calcination at 450 °C for 2 hours due to the strong interaction 

between sulfate groups and the positive charges of the alumina surface.  

Aluminum alkoxides are also used in the preparation of mesoporous aluminas with 

anionic surfactants. Vaudry et al. used C5 to C18 carboxylic acid surfactants to prepare 

mesoporous aluminas by hydrolysis of aluminum alkoxide in low molecular weight alcohol 

solutions.80 The obtained aluminas showed a relatively narrow pore size distribution. Ray et al 

slightly modified the procedures by adding an aging step at 100 °C, and the surface area of the 

obtained alumina was increased from 360 to 410 m2/g. Subsequently, by templating the 

aluminum hydroxide precursors with lauric and stearic acid in n-propanol solution, Cejka 

obtained aluminas with surface areas as high as 475 m2/g and a pore size around 3.5 nm.81-83 The 

effect of pH and water content on the textural properties of mesoporous aluminas using stearic 

acid was also reported.84 Aluminas with relatively high surface area (370 to 390 m2/g) and 

tunable pore sizes (3.5 to 7.7 nm) were obtained. 
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1.4.2.3 Non-ionic surfactants 
Bagshaw et al. first reported the synthesis of non-inoic surfactant aluminas and was 

published in the middle 1990’s.85, 86 Since then, commonly used non-ionic surfactants are diblock 

R-(EO)n copolymers (Tergitol, Igepal, Triton) and triblock (EO)n(PO)m(EO)n copolymers 

(Pluronics). The former contains a hydrophilic poly (ethylene oxide) and a hydrophobic 

hydrocarbon moiety (R), while the latter contains a hydrophobic poly (propylene oxide) chain 

linked to two hydrophilic poly (ethylene oxide) chains. It is expected that the oxygen atoms of 

the PEO chain hydrogen bond with hydroxyl group on the aluminum hydroxide surface or even 

with bare aluminum having available coordination sites.6 Aluminas with surface areas ranging 

from 420 to 535 m2/g, pore volumes from ca. 0.2 to 0.7 cm3/g and pore size from 2 to 5 nm were 

prepared by hydrolysis of aluminum alkoxides in sec-butanol solutions after calcination at 500 

°C for 4 hours.87-90 Compared to aluminas prepared from ionic surfactants, these non-ionic 

surfactant assisted aluminas exhibited more ordered pore structures and better thermal stability. 

It is reported that the thermal treatments in these syntheses have enormous influence on the final 

textural properties of the alumina. First, the surfactant content in these studies were relatively 

high and the combustion of these surfactants are highly exothermic, ramp rate and calcination 

temperature should be carefully controlled to avoid temperature overshoot and structure collapse. 

Second, further condensation of Al-O-Al bridges during the thermal treatment is critical to obtain 

stable mesoporous alumina.6  

It is reported that the use of long chain n-alkylamines can increase the micelle size and 

therefore enlarge the pore size of siliceous molecular sieve MCM-41 since long chain n-

alkylamines can penetrate into the interlayer space of layered compounds.91 This strategy has 

also been employed in the synthesis of mesoporous aluminas. Gonzalez-Pena et al. synthesized 

mesoporous aluminas by hydrolyzing aluminum sec-butoxide in sec-butanol solutions in the 
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presence of amine and Triton type of surfactants.92 Platelet-like alumina crystallites were 

observed and the pore size could be controlled from 3 to 8 nm by varying the surfactant content, 

which hydrogen bonds with aluminum hydroxides to limit their growth. Aluminas with larger 

pore sizes (up to 14 nm) were prepared by Yang et al. using the triblock copolymer Pluronic 

P123 as SDA.93 Mesoporous aluminas with an ordered pore arrangement was first reported by 

Somorjai et al.94 Aluminum tert-butoxide in a mixture of concentrated HCl and ethanol was 

mixed with Pluronic P123 in ethanol at 40 °C. The obtained alumina sol was then aged at 40 °C 

for 3 days and calcined at 400 °C. Hexagonal arrangement of mesopore channels with a pore 

diameter around 7 nm was observed.  

1.4.2.4 Summary 
As stated above, mesoporous aluminas with a wide range of pore properties were 

synthesized using a variety of SDAs under varying conditions. These methods, however, have 

several limitations: (1) these synthesis routes require use of toxic or expensive external structure-

directing surfactants or templates, including cationic alkyltrimethylammonium (CTAB),95 

anionic lauric acid and steric acid,84, 96 non-ionic diblock or triblock polymers,62, 97 with water or 

alcohol as solvents. (2) These processes are often laborious and time-consuming, i.e., they 

generally consist of 10-15 steps, including reactions, digestion, washings, and separations such 

as solvent extraction, hydration, sol and gel formations, dehydration, drying and calcination. 

Since each step requires sophisticated control of experimental conditions over a significant time 

period, completion of the overall process may require many hours or even several days. Such 

complex, multi-day, labor-intensive synthesis processes, involving the use of toxic, expensive 

surfactants or templating agents and copious amounts of a solvent, are unlikely to find 

commercial application. If, however, a simple but cost effective synthetic methodology for 
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preparation of a high surface area mesoporous alumina with a narrow pore size distribution were 

developed, commercial development would be likely to proceed.   

1.5 Overview of the dissertation 
The dissertation is comprised of 6 chapters. Chapter 1 contains background information 

on the structure and properties of different types and forms of aluminum hydroxides, oxy-

hydroxides and aluminum oxides. A review of the synthesis of mesoporous aluminas is also 

included. Chapter 2 describes the apparatus and experimental methods used to determine the 

structure and textural properties of the aluminas prepared in this dissertation. In Chapter 3, 

improved calculations of pore size distribution (PSD) based on the Kelvin equation and a 

proposed Slit Pore Geometry model for slit-shaped mesopores of relatively large pore size (>10 

nm) are reported.  

The next three chapters are focused on the synthesis of mesoporous γ-alumina catalyst 

supports. Chapter 4 reports a general one-pot, solvent-deficient synthesis of mesoporous 

aluminas using different aluminum sources without SDAs. Chapter 5 reports and discusses the 

control of morphology and pore structure of the aluminas by varying the water content in the 

controlled hydrolysis of aluminum alkoxides. In Chapter 6, we report another method to 

synthesize alumina catalyst supports with controlled morphology and pore structure. By varying 

the alcohols used in the rinsing and gelation of boehmite/bayerite precursors derived from a 

controlled hydrolysis of aluminum alkoxides, average pore sizes of γ-aluminas can be tuned from 

7 to 37 nm. 
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Chapter 2  
 
Structural Characterization Techniques 
 

The physical properties of materials strongly depend on their structure. For nanoparticles 

with high surface to volume ratio, their properties are significantly influenced by several 

structural aspects including atomic arrangement, size and shape (morphology) of primary 

crystallite and their agglomerates, and available surface area of the particles and agglomerates. 

Therefore, accurate determination of nanoparticles structures and morphologies is critical to the 

design, preparation and applications of such materials. 

In this dissertation, a combination of X-ray diffraction (XRD) and transmission electron 

microscopy (TEM) are used to study atomic arrangement, particle size, particle and agglomerate 

morphology of Al2O3 nanoparticles.  Their surface area, pore volume and pore size distribution 

of porous materials are determined by nitrogen gas adsorption techniques. In this chapter, the 

basics of these techniques and the information gained are outlined and discussed. 

2.1 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals detailed 

information about the chemical composition and crystallographic structure of natural and 

manufactured materials. It is provides valuable information about (1) average spacing between 

layers or rows of atoms, (2) orientation of a single crystal or grain, (3) crystal structure of an 

unknown materials and (4) size, shape and internal stress of small crystalline regions. 

An electron can be described as an electromagnetic wave. In an alternating 

electromagnetic field having the same frequency, the electron will oscillate with the field. 

Similarly, when an X-ray beam hits an atom, electrons around the atom will oscillate with the 
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incident X-ray beam with the same frequency. For a single atom, this oscillation between the 

electron and the X-ray occurs in all direction. As a result, no energy is produced to leave the tom 

since the combining waves are out of phase due to destructive interference in all directions. 

However, in a crystal structure in which all the atoms are arranged in a regular pattern, 

constructive interference is observed in some directions where the scattering is on the same order 

of magnitude as the wavelength of the X-ray. In this case, well-defined X-ray beams are 

observed in different directions. 

English physicists Sir W.H. Bragg and his 

son Sir W.L. Bragg developed a relationship in 

1913 to explain why the cleavage faces of crystals 

appear to reflect X-ray beams at certain angles of 

incidence. As shown in Figure 2.1, parallel X-rays 

with an incident angle (θ) are reflected by the 

atomic planes consisting of periodic array of 

atoms. The variable d is the distance between 

atomic layers in a crystal, and the variable lambda 

(λ) is the wavelength of the incident X-ray beam. In order to obtain constructive interference of 

the reflected waves, the extra distance (2*dsin(θ)) travelled by the lower X-ray penetrating 

deeper crystal plane must be an integral multiple of the wavelength. This relationship is known 

as Bragg’s law, which is expressed in the Equation 2.1: 

                                                                                                                                                                                    (2.1) 

In crystallography, planes that give rise to such reflections are called lattice plane. The 

orientation relative to the lattice is defiend by Miller indices with the values hkl.  

Figure 2.1 Reflection of X-rays by 
crystallographic planes of atoms and 
geometrical relationship leading to Bragg’s 
law. Adapted from Ref. 1. 
!

!
2d sin(θ ) = nλ
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As shown in Figure 2.2, for a given plane, the 

hkl indices are defined by determining the position 

relative to the nearest origin without passing through 

it.1 Its intercepts on the a-, b- and c- axes of the unit cell 

will be 1/h, 1/k and 1/l. Therefore, the indices of the 

plane illustrated by dashed line in Figure 2.2 is (1 3 4).  

Given the indices for each lattice plane, it is 

possible to construct all possible sets of lattice planes. 

However, it becomes complicated when many sets of lattice planes are presented in a single 

drawing of a crystal. Thus, a vector d is introduced to represent each set of planes. As illustrated 

in Figure 2.3, a vector dhkl is defined to be the perpendicular distance from the origin of the unit 

cell to the nearest plane in the hkl family. For an orthorhombic crystal, the distance can be 

calculated using Equation 2.2: 

                                                                                             (2.2) 

The direction of dhkl is not simple to construct since the plane intercepts a/h, b/k and c/l. 

However, this can be simplified if the units d, a, b, c are replaced by reciprocal entities d*, a*, b* 

and c*. For an orthorhombic crystal, the relationship between the direct lattice and the reciprocal 

parameters are simply defined: 

                                                                           (2.3) 
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Figure 2.2 Definition of hkl-values 
in terms of intercepts on the axes. 
Adapted from Ref. 1. 
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Similar' to' the Cartesian coordinate system, the plane spacing vector d* can be easily 

defined by the reciprocal vectors a*, b* and c*. A comparison of the d and d* vectors in the 

direct system and reciprocal system are shown in Figure 2.4. It is evident that the reciprocal 

lattice is a useful construction for demonstrating the lattice planes of a crystal. 

 

 
Figure 2.4 (a) Two-dimensional slice (the ab-plane) of the sphere of dhkl vectors showing that the vectors 
approach the origin as 1/d. (b) Plot of the 1/d = d*hkl vectors (from the ab-plane) where the vectors are 
represented as points. Adapted from Jenkins and Snyder.2 
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Figure 2.3 (a) d-Vector in the direct lattice. (b) d*-Vector in the reciprocal lattice. Adapted from Ref. 1. 
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Based on the idea of reciprocal lattices, 

Ewald constructed an imaginary sphere, called 

an Ewald sphere, for visualizing the 

diffraction process in three dimensions. As 

illustrated in Figure 2.5, the Ewald sphere is 

centered on the real crystal, while the origin of 

reciprocal lattice is placed on the sphere’s 

edge at the point of the undiffracted beam. If 

the incident angle (θ) equals that required by the Bragg equation for d, a constructive 

interference of the reflected beam will occur and a diffracted beam can be observed at the angle 

2θ. In the reciprocal lattice, the Bragg equation can be written as: 

                                                                                                    (2.4) 

As the crystal rotates, the corresponding reciprocal lattice rotates as well. When the 

crystal is rotated so that one or more of the d*hkl points reach the Ewald sphere, the diffracted 

beam will pass through the sphere at the point of the reciprocal lattice. Accordingly, the intensity 

of this specific diffracted beam can be recorded by a detector placed tangent to the sphere at that 

point in real space.  

For a well-ordered single crystal in the size rang from 100 to 500 µm, crystallographic 

analysis can provide invaluable information about the location of each atom in the crystal 

structure. Unfortunately, in the case of nanoparticles, they are comprised of powders consisting 

of small crystallites with sizes in the range from several to hundreds of nanometers oriented in all 

possible directions. As shown in Figure 2.6, a concentric cone is created by the d*hkl vectors 

touching the Ewald sphere in all directions. If a two-dimension detector is used, a concentric ring 
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Figure 2.5 Relationship of the Ewald sphere 
(radius = 1/λ) to the reciprocal lattice. 
Adapted from Ref. 1. 
!
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pattern will be observed. The intensity of each ring can be integrated and plotted as a function of 

the scattering angle (2θ). If a small detector is used, it records a slice of the ring pattern and 

produces a pattern shown as Figure 2.6e. The powder X-ray diffraction pattern is unique for 

every compound and therefore can be used as standards to check the identity of an unknown 

sample.  

Figure 2.6 Illustartion of diffraction pattern produced by powdered samples. (a) Conceptual illustartion; 
(b) powder XRD ring pattern of (LaB6); (c) Powder XRD ring pattern of NiO sample; A slice of the rings 
can be integrated as shown in (d) to give the 2-D XRD pattern shown in (e). Image (a) is adapted from 
Jenkins and Snyder,2 (b) to (e) are adapted from Smith’s dissertation3 
 

Peak broadening is often observed for nanoparticles mainly due to the small crystallite 

size. Unlike well ordered single crystals, fewer unit cells are presented in the small crystallite. As 

a result, the destructive interference of the reflected beams is incomplete at angles near the Bragg 

angles. The smaller the crystallites, the more profound the braodened peaks. However, when size 

(a) 
(b) 

(c) (d) (e) 
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related peak broadening is predominent compared to instrumental broadening, the average 

crystallite size and shape can be estimated using the Scherrer formula for each peak,4 

                                                                                                         (2.5) 

where d is the average crystallite diameter, λ is the wavelength of the incident X-rays, w is the 

peak width at half of the maximun height, and θ is the angle of that particular reflection. 

2.2 Transmission Electron Microscopy (TEM) 

Although X-ray diffraction can provide valuable structural information for nanomaterials, 

direct visible images of nanoparticles can only be obtained by transmission electron microscopy. 

Nowadays, due to the small de Broglie wavelength of electrons, TEMs are capable of producing 

extremely high quality images with significantly higher resolution (up to a few nanometers) than 

light microscopes. This capability greatly enhanced the visibility of materials in the nanoscale. 

Consequently, TEMs are extensively used in a wide range of applications, including cancer 

research, virology, material science, cell biology, pollution, nanotechnology, and semiconductor 

research. 

2.2.1 Structure of TEM 

The layout of a TEM is shown in Figure 2.7.5 From the top down, a basic transmission 

electron microscope consists of an electron source, several sets of apertures and lens, and a 

detector screen.  

The emission source is made of a tungsten filament or lanthanum hexaboride (LaB6). 

When a high voltage (typically from 100 to 500 kV) is applied, electrons are emitted and 

accelerated into the vacuum by thermionic or field electron emission. A condenser lens 

consisting of electromagnetic rings is used to align the electron beam and control the current 
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density, size and focal point of the beam. 

Subsequently, objective lenses are used to focus the 

beam coming through the specimen and projector 

lenses are used to expand the beam onto imaging 

devices. Quad or hexapole lenses may also be used 

to correct asymmetrical beam distortions, or 

astigmatism. Finally, images produced by the elastic 

and inelastic scattered electrons are recorded using 

different modes, i.e. direct exposure or a digital 

CCD camera coupled with a fluorescent screen, 

depending on the required quality of the images.  

2.2.2 Modes of TEM 

By changing how the beam is focused after 

the beam passes through the specimen, an image or 

a diffraction pattern similar to XRD can be 

collected.6 Three imaging modes, i.e. bright field, 

dark field and selected area electron diffraction (SAED), are shown in Figure 2.8.  

The most widely used mode of operation for a TEM is the bright field imaging mode. In 

this mode, the contrast formation is formed directly by blocking the scattered and/or diffracted 

electrons with a constricted objective aperture (Figure 2.8a). In this mode, regions have thicker 

sample or materials having a higher atomic number will appear dark, whereas regions with no 

sample (background) will appear bright. Bright field mode is very popular in the characterization 

Figure 2.7 Diagram of a transmission 
electron microscope, adapted from 
Ref.5. 
!
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of nanoparticles due to its simplicity and relatively good contrast. However, it has low contrast 

with most of the biological samples. 

 

In contrast to bright field mode, dark field mode is realized by blocking the primary 

electron beam while letting scattered and/or diffracted electrons pass through the objective lens 

(Figure 2.8b). This causes the particles that strongly scatter/diffract the electrons to be very 

(a) (b) (c) 

(d) (e) (f) 

Figure 2.8 Ray diagrams for the (a) bright field, (b) dark field, and (c) selected area electron 
diffraction (SAED) modes of TEM imaging, adapted from Reimer.5 (d), (e) and (f) are bright field, 
dark field and SAED images of Pt/La-Al2O3 nanoparticles, respectively. 
!
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bright, whereas all others are very dim. Dark field microscope is ideal for viewing samples that 

are unstained, transparent and absorb little or no light. It has been used for examining 

biomolecules, organisms and thin polymers. However, its applicability is limited due to the high 

intensity required to illuminate the sample, which may cause damage to the sample. 

Other than the two direct imaging modes, selected area electron diffraction (SAED) mode 

will produce point or ring diffraction pattern similar to those obtained by XRD. Since the 

wavelength of high-energy electrons is only a few thousands of a nanometer, the atoms will act 

as a diffraction grating to the electrons. By placing the apertures in the back focal plane, the 

desired Bragg reflections can be selected. In this mode (Figure 2.8c), a selected area aperture 

with different size holes is inserted. The holes allow a small fraction of the primary beam to pass 

through and contribute to the diffraction pattern on the screen. As a diffraction technique, SAED 

can be used to obtain information about crystal structures and lattice parameters on 

nanoparticles.  

Besides the three imaging modes, elemental analysis can also be realized by X-ray 

energy-dispersive spectroscopy (XEDS) and electron energy loss spectrum (EELS). The 

principle of XEDS is shown in Figure 2.9a.7 In XEDS, the high-energy beam of electrons is 

focused on the sample and may excite an electron in an inner shell. Subsequently, an electron 

from an outer, high-energy shell fills the hole created by the escaped high-energy electron. The 

difference between the higher energy shell and the lower energy shell may be released in the 

form of an X-ray, which is detected by an X-ray energy-dispersive spectrometer.8 Since the 

atomic structure is unique for every element, the obtained spectrum can be used for qualitative 

and quantitative elemental analysis (Figure 2.9b). However, due to the small size of 

nanoparticles and the small solid angle inside the TEM, the signal of XEDS is likely to be 



!
40 

relatively low. In addition, the accuracy can be 

affected by the possibility of overlapping peaks 

from different elements and the homogeneity of 

the sample. 

On the other hand, EELS has been used 

as a complimentary technique to XEDS for 

elemental analysis. In EELS, a beam of 

electrons with known, narrow range of kinetic 

energies is employed to pass through a sample. 

During the process, some of the electrons 

experience inelastic scattering, leading to loss of 

energy, which is measured by an electron 

spectrometer. The data is interpreted in terms of 

the cause of the energy loss, including phonon 

excitations, inter and intra band transitions, plasmon excitations, inner shell ionizations, and 

Čerenkov radiation.9 Materials with low atomic numbers, e.g. from carbon through the 3d 

transition metals, are preferred in EELS, since the excitation edges tend to be sharp, well 

defined, and at experimentally accessible energy losses.10 

2.3 Gas adsorption methods 

Adsorption, defined as the enrichment of materials or increase in the density of the liquid 

in the vicinity of an interface, occurs whenever a solid surface is exposed to a gas or a liquid.11 

Gas and liquid molecules are physically or chemically adsorbed on to the surface of the solid, 

Figure 2.9 (a) Principle of X-ray energy-
dispersive spectroscopy (XEDS), (b) 
XEDS spectrum of Pt/La-Al2O3 sample. 
Adapted from Ref. 7. 
!
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resulting in an enhancement in the concentration of a particular component at the interface of 

solid/liquid or solid/gas.  

Based on the interaction between the adsorbent and the adsorbate, various mathematical 

methods have been proposed to describe the adsorption process, which can provide valuable 

information about surface structure, surface area (SA), pore volume (PV) and pore size 

distribution (PSD) of the adsorbent. Therefore, adsorption techniques, especially gas adsorption 

measurements, are widely used for the characterization of a variety of porous solids, including 

oxides, carbons, zeolites, and organic polymers. 

2.3.1 Adsorption isotherms 

Porosity of a material strongly influences the adsorption of a particular gas. Based on the 

pore size, porous materials are categorized into three groups: microporous (pore diameter < 2 

nm), mesoporous (pore diameter between 2 and 50 nm) and macroporous (pore diameter > 50 

nm).  

For a given solid, the quantity of gas adsorbed is dependent on the temperature, the 

equilibrium pressure and the nature of solid-gas system. For a given gas adsorbed on a particular 

solid at a constant temperature, we have  

                                                                                                    (2.6) 

The graphical illustration of this relationship is defined as an adsorption isotherm. 

Though the adsorption isotherms of each material are unique, they are conveniently 

grouped into six classes of IUPAC classification shown in Figure 2.10 based on the common 

features for different solid-gas systems.11, 12  

As shown in Figure 2.10, a Type I isotherm is concave to the P/P0 axis. It rises sharply at 

low relative pressures and reaches a plateau. This type of isotherm is often observed from 
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microporous materials with relatively small external surface area. As for the Type II isotherm, it 

is concave to the P/P0 axis in the low relative pressure range, then is almost linear and then 

convex to the P/P0 axis in the high relative pressure range. It is associated with multilayer 

physisorption on the flat surface of nonporous or macroporous materials. If the knee of the 

isotherm is sharp, the uptake point B located at the beginning of the middle quasi-linear section 

is usually considered to represent the completion of the monolayer adsorption and the beginning 

of multilayer adsorption. It provides an estimation of the amount of absorbate required to cover 

the unit mass of solid surface with a complete monolayer, which is very useful in the calculation 

of surface area. A Type III isotherm is convex to the P/P0 axis in the high relative pressure range 

and has no point B, indicating a weak adsorbate-adsorbent interaction. As for the Type IV 

isotherm, its initial region is similar to the Type II isotherm. However, the isotherm tends to level 

off and forms a hysteresis loop in the higher relative pressure range. This type of isotherm is 

B 

B 

Figure 2.10 The six types (I, II, III, IV, V, and VI) of gas adsorption isotherms, adapted 
from Ref. 10. 
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typical for mesoporous materials (silicas, titanias and aluminas); the hysteresis loop is associated 

with filling and emptying of the mesopores by capillary condensation. The Type V isotherm is 

similar to the Type IV, but the lack of point B indicates the interaction between the adsorbate and 

the adsorbent is weak. The Type VI isotherm is relatively rare and is associated with layer-by-

layer adsorption on a highly uniform surface.  

As shown in Figure 2.11, valuale information (Table 2.1) about the pore structures can be 

obtained from the full range of adsorption and desorption isotherm.13 The method used to 

determine the pore structures (SA) is outlined in the following sections. 

Various procedures have been developed to measure the amount of gas adsorbed. 

Volumetric methods are generally employed for measuring nitrogen at -196 °C. The isotherm is 

usually constructed in a point-by-point manner by the introduction and withdrawal of known 

amounts of gas with adequate equilibrium time. For the determination of surface area and pore 

Henry’s law 
region 

Monolayer 
region 

Linear region 
0.05 < P/P0 < 0.2 

desorption 

adsorption 

Hysteresis region 
(1 < r < 100 nm) 

Multilayer region 

V
ad

so
be

d 

P/P0 

Figure 2.11 Full range type IV isotherm with adsorption and desorption branches. 
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size distribution, the sample is degassed at a relatively high temperature (typically 150 to 200 

°C) under nitrogen flow to remove water and air molecules adsorbed before measurements.  

Table 2.1 Information available from full range isotherm 

Region Pressure range Information  obtained 
Henry’s law region P/P0 < 0.01 SA can be obtianed if Henry’s law 

constant is known 
Monolayer region 0.05 < P/P0 < 0.20a SA can be calculated using BET 

equantion 
Multilayer region 0.20 < P/P0 < 1.0 PV can be obtained at P/ P0 = 1 

  Pore structure can be inferred from the 
shape of hysteresis loop, PSD can be 

calculated using Kelvin equation 
a. Linear region varies depending on the shape of isotherm and the type of gas 

2.3.2 Determination of surface area 

In 1916, Langmuir derived an equation for the adsorption of a unimolecular layer or 

monolayer. However, it is evident that the Langmuir equation is not applicable for mesoporous 

materials with a Type IV isotherm, in which multilayer adsorption and capillary condensation are 

observed. In 1938, Brunauer, Emmett, and Teller (BET) extended the concept of Langmuir 

equation to multilayer adsorption. 

It should be stressed that a number of assumptions are made to derive the BET equation. 

(1) The surface of the adsorbent is viewed as an array of equivalent sites to which gas molecules 

are randomly adsorbed. (2) There is no lateral interaction between adsorbed molecules in the 

same layer. (3) The probability that a site will be occupied is independent to its local 

environment. (4) The adsorbed layer acts as the same surface as the adsorbent for the gas 

molecules to form the next layer. (5) The rate of adsorption of the ith layer is equal to the rate of 

desorption of the (i + 1)th layer. (6) The heat of the condensation of the gas is the same for all the 

layers. 

Based on these assumptions, BET equation can be derived as: 



!
45 

                                                                                          (2.7) 

where n is the moles of gas adsorbed at the equilibrium pressure p, nm are the moles of gas 

required to form a complete monolayer, x is the relative pressure (P/P0), and C was assumed to 

be a constant. 

For the purpose of calculating surface area, Equation 2.7 can be written as: 

                                                                              (2.8) 

According to Equation 2.8, a linear relationship is obtained when P/n(P0-P) is plotted 

against P/P0. In the linear region, this plot will be a straight line, whose slope and intercept can 

be used to obtain nm and the BET constant C. Subsequently, the specific surface area SBET, can be 

calculated using: 

                                                                                                        (2.9) 

where L is the Avogadro number and σ is the cross-sectional area occupied by each molecule.  

For different gas adsorbates, their corresponding cross-sectional areas are different due to 

their size and packing (Table 2.2).12, 14  

Table 2.2 Molecular areas of some adsobates 

Adsorbate Temperature (K) Linear rangea Cross-sectional area (nm2) 
Nitrogen 77 0.13-0.20 0.162 
Argon 77 0.10-0.19 0.138 

Krypton 77 0.14-0.24 0.202 
Xenon 77 0.16-0.25 0.170 
Oxygen 77 0.13-0.20 0.141 

Carbon dioxide 195 0.14-0.22 0.210 
a. Linear range is adapted from Ref 14. 

As for the C value, it is used as an indication of the goodness of the monolayer formation. 

A high C (> 100) for low temperature adsorption is a sign of a well-localized monolayer. 
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2.3.3 Characterization of pore structure 

2.3.3.1 Pore shape and pore arrangement 

As mentioned in Table 2.1, pore shape and pore arrangement can be inferred from the 

shape of the hysteresis loop observed in the Type IV isotherm. According to IUPAC 

classification, there are four major types of hysteresis loops, namely, H1, H2, H3 and H4.12, 13 

The shapes of these four hysteresis loops are shown in Figure 2.12.  

As can be seen from Figure 2.12, Type H1 

shows a narrow loop consisting of steep and nearly 

parallel adsorption and desorption branches. In contrast, 

for Type H2, a broad loop with a long plateau and a 

sharp desorption branch is observed. For Type H3 and 

H4, the loops do not close and a plateau is not formed 

until high P/P0 range. 

Since the hysteresis loops arise from capillary 

condensation in mesopores, the characteristics of each 

type of hysteresis are indications of the pore shape and 

pore arrangement. Accordingly, Type H1 hysteresis is 

generally observed from adsorbents with a narrow pore size distribution of uniform pores, 

whereas Type H2 hysteresis loop usually results from closely packed spherical particles with 

uniform size or from complex, interconnected pore network. As for Type H3 hysteresis loop, it is 

often given by the aggregates of plate-like particles or adsorbents with slit-like pores. For a Type 

H4 hysteresis loop, it is often observed from adsorbents with slit-like pores in the micropore 

range. 

Figure 2.12 The IUPAC classification 
of hysteresis loops, adapted from Ref. 
9. 
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2.3.3.2 Calculation of pore size 

As shown in Figure 2.13, a liquid/gas or 

liquid/liquid interface contained within a pore will tend to 

assume a shape of uniform mean curvature, which is 

dependent on the wettability of the pore wall and the size 

and shape of the pore. In a uniform cylindrical or parallel 

sided slit pores, the relationship between the radius of the 

curvature (rk) and the nature of the liquid at a given relative 

pressure (P/P0) can be calculated by the Kelvin equation: 

                                                                                   

where γ is the surface tension of the liquid and vl is the molar volume of the liquid. 

For nitrogen adsorbed at 77.35 K, we can use γ = 8.85 m/Nm, vl = 34.71 cm3/mol and 

obtain: 

                                                                                            (2.10)  

Currently, the most widely used method is a model derived by Barrett, Joyner, and 

Halenda (BJH) in 1951,15 which is based on the Kelvin Equation.  

The computational procedure proceeds in a step-by-step manner. Like the desorption 

process, each step involves the removal of condensate from the core of a group of pores and the 

thinning of the multilayer in the larger pores. If the adsorption branch of an isotherm is used, 

then the process is reversed in the computation. 

In the first desorption step, the initial volume removed is only from the capillary 

evaporation. In a simple cylindrical pore as shown in Figure 2.13, the relationship between the 

core volume (vk,1) and the pore volume (vp,1) is given by 

Figure 2.13 Cylindrical pore 
with adsorbed and condensed 
layers. Adapted from Ref. 12. 
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                                                                                                   (2.11) 

However, in the following desorption steps, the volume removed is the sum of the 

volumes from capillary evaporation (vk) and thinning (vt). Therefore, for step j: 

                                                                                                           (2.12) 

The volume from the emptied condensate in step j is given by 

                                                                                          (2.13) 

where rk,j and rp,j are the mean radius for the core and the pore for the step j. 

For simple cylindrical pores with a length of L, its volume (V) and surface area (S) is 

given byV = πr2L,S = 2πrL . Therefore, we have 

                                                                                             (2.14) 

and  

                                                                                              (2.15) 

where ΔSp,j and ΔSk,j are the surface areas converted from successive condensate volume removed 

from the pore and the core, respectively. 

In addition, in step j, the multilayer thickness t can be calculated by Halsey’s equation16 

                                                                                    (2.16) 

Using Equation 2.10 through 2.16, we can obtain all the successive contributions from 

each step to the total pore volume. Subsequently, a pore size distribution is obtained by plotting 

the Δvp,j against rp,j. 

Although the BJH model provides reasonable estimates of the PSD for certain materials, 

its universal applicability due to the oversimplification in the theoretical model is questionable. 
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For example, its assumption of simple cylindrical pore geometry is not valid for materials with 

slit like pores, such as the mesoporous aluminas reported in this dissertation. In addition, it does 

not take the inhomogeneity, i.e. surface atoms and vacancies, into consideration. To solve these 

issues, an improved calculation of the PSD based on the slit-pore geometry for mesoporous 

materials with slit-like pores is reported in Chapter 3. 
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Chapter 3 
 

Improved calculations of pore size distribution for relatively large, 

irregular slit-shaped mesopore structure 

 

3.1 Introduction 

Accurate determination of BET surface area (SA), pore size distribution (PSD) and pore 

volume (PV) of porous supports, catalysts, and nanomaterials is vital to successful design and 

optimization of these materials and to the development of robust models of pore diffusional 

resistance and catalyst deactivation which are incorporated in catalytic reactor and process 

models.1-4 Nitrogen adsorption at 77 K is used routinely to measure SA, PSD, and PV in 

mesoporous solids because of (1) its relative simplicity; (2) ease of measuring and analyzing data 

to obtain quantitative results; (3) accessibility of the gas to real pore structures, and (4) non-

destructive application.4 Mercury porosimetry is a useful complementary method to 

quantitatively determining meso and macroporosity in porous solids, although it is destructive 

and the operation, upkeep, and safety aspects of the instrumentation are not routine.  While other 

experimental techniques, such as X-ray diffraction (XRD), small angle x-ray and neutron 

scattering (SAXS and SANS), transmission electron microscopy (TEM) provide additional 

insights into structural features of mesoporous solids, they are principally supplementary 

techniques due to their complexity and the relatively limited quantitative information provided 

by these methods regarding PSD and PV. In recent years, advanced theoretical approaches based 

on statistical mechanics, such as non-local density functional theory (NLDFT) and molecular 

simulation, have been developed to provide valuable structural information for porous networks. 
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However, their applicability is limited to well-organized pore structures with excellent structural 

and chemical uniformity. Furthermore, there is also a risk of oversimplification through the 

introduction of required functions; moreover, the accuracy of pore size estimates is typically no 

better than 15-20%.3 

Fundamentals of multilayer adsorption applied to the assessment of mesoporosity are 

discussed in detail in books by Greg and Sing,1 Rouquerol et al.,4 Thomas & Thomas,5 Hunter6 

and Lowell7 and in reviews by Kaneko,8 Groen et al.,9 and Jaroniec and Kruk.10 Several methods 

have been developed to calculate PV and PSD using data obtained from either adsorption or 

desorption branches of a full range nitrogen adsorption isotherm. In most classical pore models, 

data are analyzed using the Kelvin equation that relates partial pressure to pore radius in 

cylindrical pores. The volume of nitrogen adsorbed or desorbed as a function of P/P0 (P0 is the 

vapor pressure of liquid N2 at liquid N2 temperature) is corrected for the thickness of the 

adsorbed layer (which correction was originally proposed by Barrett, Joyner and Halenda11) and 

incrementally converted to obtain the PSD in the form of dV/dr as a function of r, where r is the 

pore radius. In principle, adsorption and desorption processes should be in equilibrium. 

However, in practice results obtained from adsorption and desorption branches differ due to non-

ideal differences in capillary formation and evaporation leading to an observed hysteresis. 

Adsorption and desorption branches of the hysteresis loop can provide complementary 

information, although for specific hysteresis types one branch may be preferred over another.12, 13 

One of the earliest and most widely used methods for calculating PV, PSD, and APD was 

proposed by Barrett, Joyner and Halenda11 and is generally called  the BJH method.  This 

method is based on Wheeler’s concept of a pore size distribution function L(r) and assumes 

cylindrical pore geometry. Pore radius rather than relative pressure is chosen as the independent 
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variable, and empirical corrections, including the assumption of an average pore radius in each 

pore size range, are made to the pore size distribution and in calculations of differential pore 

volume and area.  While the BJH method appears to estimate pore volume well, it is well known 

that BJH analysis underestimate pore sizes by up to 20-30% when compared with either NLDFT 

or TEM determinations.7, 14  

In general PV and PSD measurements obtained via the BJH and other typical methods 

are often in error because of flawed methods of data analysis based on simplistic assumptions 

and approximations. Moreover, these methods do not, in general, allow the extent of 

experimental error, precision, and accuracy to be readily assessed. For example, average pore 

radius determined from a typical dV/dr versus r distribution is likely to be significantly in error 

due to: (1) an inappropriate choice of the hysteresis branch (adsorption or desorption) for PSD 

analysis; (2) an incorrect form of the Kelvin equation based on an unrepresentative pore 

geometry, especially for irregular mesoporous materials; (3) inaccuracies in the geometric 

equations relating mesoporous surface area, pore volume and pore radius; and (4) asymmetry and 

tailing of the curves in the dV/dr PSD plot. Irregular pore structure is defined in the present 

context as nonparallel pores of varying size and shape, interrupted by structural defects. 

Nevertheless, in principle, rational, careful consideration of the fundamental adsorption 

processes should provide a basis for accurate fitting of the distribution and for choices of the 

adsorption branch and form of the Kelvin equation in irregular mesoporous materials. In 

addition, validation by independent measurements (e.g. mercury porosimetry), the use of 

standard materials, and/or alternate methods of analysis, can ensure quantitative characterization 

of PV, PSD, and APD.   
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Indeed, a simple, useful, and accurate complementary method, namely the Comparative 

Adsorption (as) Method (CAM), can be used to independently assess mesopore surface area and 

volume. CAM is based on the comparison of the adsorption isotherm for the porous solid under 

study with that for an appropriate reference solid with similar surface properties.1, 4, 15 Usually, a 

macroporous reference is chosen with surface properties similar to the material under study with 

respect to the adsorbate used. Adsorption on the macroporous reference proceeds via multilayer 

formation, whereas that of the porous solid under study includes both multilayer adsorption and 

condensation in the pores; this latter process is greatly influenced by pore size. To determine the 

pore size range in the sample under study (i.e. micro, meso, or macroporous), one can plot the 

amount adsorbed on the solid under study as a function of the amount adsorbed on the reference 

solid. If the adsorption on both solids proceeds via the same mechanism (multilayer formation), 

the comparative plot is linear in the applicable pressure range.  Differences in the comparative 

plot can be attributed to different mechanisms, such as micropore filling or capillary 

condensation. Therefore, CAM can be used to check BET area against mesopore area and also to 

identify the individual adsorption and pore filling mechanisms.15-18  

More sophisticated models for pore size calculations include the classical Broekhoff-de 

Boer (BDB) approach19-23 which uses model porous materials (e.g. M41S and SBA-15) to 

calibrate the thickness relationship and the Kruk-Jaroniec-Sayari (KJS) model 24-26 which enables 

calibration of the Kelvin equation using a series of highly ordered MSM-silicas of known pore 

diameter obtained from SAXS.  However, the application of calibration standards with the KJS 

model is only valid in the pore diameter range of 2 to 10 nm,24, 27 Moreover, the BDB and KJS 

models are reliable only for highly-ordered cylindrical pores of very similar or the same diameter 

Thus, the BDB and KJS models are not applicable to the large class of irregular mesoporous 
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materials having noncylindrical pores of different sizes or constrictions, and/or pore diameters 

larger than 10 nm.  

This chapter introduces an improved, rational approach (the SPG model) to the 

measurement of PSDs for mesoporous solids composed of slab-like particles.  The SPG model 

comprises (1) the classical Kelvin equation adapted to the a slit geometry and (2) thinning 

corrections and calculations of differential surface area and volume according to the fundamental 

approach of Pierce, Orr, and Dalla Valle.28, 29 The analysis is applied in the present study to large 

pore alumina supports, including two commercial aluminas and two novel wide-pore alumina 

supports developed in a previous work,30 all four of which are clearly composed of slab-like 

materials but arranged in different geometries. Basic principles and critical assumptions are 

enumerated and discussed. Fundamentally based criteria are provided for making decisions at 

each step in the process, including: (1) selection of the appropriate form of the Kelvin equation 

based on knowledge of primary particle and pore geometries obtained from TEM and other 

techniques; (2) experimental determination of the appropriate structural factors relating pore 

radius to pore volume and surface area which account for differences in geometrical 

arrangements of the primary slab crystallites; and (3) use of the log-mean pore-size distribution 

with its inherent advantages of symmetry and well-defined error analysis.  

3.2 Experimental Section 

3.2.1 Materials 

Reference material Aluminumoxid C Degussa (denote as DC) was purchased from 

Sigma-Aldrich and used as received. Two commercial alumina samples were obtained from Alfa 

Aesar (1/4 ring, Catalog No. 43858) and Saint Gobein (Trilobe, Catalog No. SA 6*78), denoted 

as Al-AA and Al-SG, respectively. Aluminum iso-propoxide (Al(OCH(CH3)2)3), aluminum sec-
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butoxide (Al(OCH(CH3)CH2CH3)3) were purchased from Alfa Aesar and used as received 

without purification. Deionized water was used in all the synthesis.  

The synthesis procedure for large pore alumina materials was described elsewhere.31-33 A 

typical synthesis involved formation of precursors followed by thermal treatment. For example, 

24.158 g of aluminum sec-butoxide was mixed with 8.83 ml of distilled water (water to 

aluminum ratio 5:1) using a mortar and pestle for 15 minutes. The resultant white gel-like 

intermediate, or precursor, was subsequently thermally treated in a muffle furnace in air at 700 

°C for 2 hours at a ramp rate of 2.33 °C/min. For aluminum iso-propoxide, the sample was 

prepared using the same procedure except for using a water to aluminum molar ratio of 7:1. 

The final samples are labeled, starting with a prefix of Al followed by the type of 

aluminum salts (Iprop and Sbuto, which refer to aluminum iso-propoxide and aluminum sec-

butoxide, respectively). Thus, Al-Iprop refers to alumina prepared from Aluminum sec-butoxide 

calcined at 700°C for 2 hours in air. 

3.2.2 Measurements 

The structure of each sample was determined by powder X-ray diffraction (XRD) using a 

Panalytical X’Pert Pro X-ray diffractometer with Cu Kα radiation (λ=0.15418 nm) at a scanning 

rate of 0.02°s-1 in the 2θ ranges from 10° to 80°. A fixed power source was used (40 kV, 40 mA). 

All alumina precursors were dried at room temperature overnight before the measurements. 

Crystallite sizes were estimated using the Scherrer formula for size-related peak broadening.  

The morphology of each sample was observed with a FEI Philips Technai F30 

transmission electron microscope (TEM) operating at 300 kV or a FEI Philips Technai F20 

Analytical STEM operating at 200 kV. Specimens were prepared by dispersing samples in 
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ethanol, sonicating in a water bath for 1 hour, and then placing a drop of the diluted solution on a 

carbon film supported by a 400 mesh Cu grid (Ted-Pella Inc.).  

Nitrogen adsorption analysis was carried out using a Micromeritics Tristar 3020 

apparatus at -196 °C. Samples were degassed at 200 °C with nitrogen flow for 24 hours prior to 

measurements. Specific surface area (SA) was calculated by the Brunauner-Emmett-Teller 

(BET) method, using a P/P0 range between 0.05 and 0.2.1 The single point pore volume is 

obtained at P/P0 = 0.990. The pore size and pore size distribution are calculated via both BJH 

model and SPG model described in the following sections for comparison. 

3.2.3 Selection of isotherm branch for calculations of PSD  

It is well known that hysteresis loops are associated with capillary condensation and 

evaporation. Moreover, the shape of the hysteresis loop can be correlated with the nanoscale 

structure of the adsorbent. In principle, the calculation of pore size distribution from either 

isotherm branch may provide useful and uniquely different results. However, in practice either 

the adsorption or desorption branch of the hysteresis could be affected by non-equilibrium 

deviations from the Kelvin equation, depending upon the pore geometry and heterogeneity of the 

adsorbent. Therefore, caution is needed in the choice of isotherm for PSD calculations, since 

either the adsorption or desorption branch of the isotherm may be unreliable and provide 

misleading results depending upon the structure of the solid and the pores 1, 4, 5, 34. In the case of 

slit-like pores having an H1 hysteresis, the onset of capillary condensation during adsorption is 

typically considerably delayed by metastable adsorption films and hindered nucleation of liquid 

bridges 35-38. As a result, the adsorption branch is shifted to a higher P/Po value, which causes the 

pore size to be over-estimated. On the other hand, in uniform slit pores of finite length, open at 

both ends and already filled with liquid following the adsorption process, evaporation occurs 
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without such artifacts and in accordance with the Kelvin equation; thus, the desorption branch is 

the clear choice for calculation of the pore size distribution 4, 39. By contrast, in complex pore 

systems with a wide range of pore sizes, including constrictions characteristic of H2 hysteresis, 

the desorption branch is significantly steeper than the adsorption branch; evaporation of the 

condensate is significantly constrained by the pore necks in an “ink-bottle” pore geometry and 

the connectivity of the network 40-43. In this case, the desorption branch is unreliable and the 

adsorption branch is the correct choice for calculations of PSD.  

3.2.4 Methods of calculation in the SPG Model 

We use the following process to 

calculate PV, PSD, and APD from N2 

adsorption data. The observed hysteresis for a 

full range N2 adsorption/desorption Type IV 

isotherm (see Figure 3.1) is a consequence of 

capillary condensation of liquid N2 in complex 

mesopore networks during adsorption and of 

evaporation during desorption, each of these 

two processes having a different dependence 

of vapor pressure on pore radius. Traversing the adsorption branch with increasing relative 

pressure P/P0 from about 0.40 to 0.70 a multilayer is formed in mesopores by physical adsorption 

of N2 to a thickness t (see Figure 3.1). At a P/P0 of about 0.70-0.80, condensation is initiated due 

to accumulating van der Waals interactions between the vapor phase molecules inside the 

confined space of a capillary; a meniscus is immediately formed. The mechanical equilibrium 

Figure 3.1.  Type IV isotherm for large 
mesopore alumina 

!
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between two fluids at the opposite sides of the meniscus at different pressures is given by the 

Kelvin equation: 

                                              ln( P
P0
) = − 2γ (cosθ )VL

rkRT
                                         (3.1) 

where γ  is the surface tension and rk is the radius of the curvature of the meniscus, θ is the 

contact angle between the liquid and the adsorbed layer on the wall, and VL is the molar volume 

of the liquid. 

The form of rk, the radius of the curvature of the meniscus in the Kelvin equation, is 

fundamentally different for different geometries and in some cases for the different hysteresis 

branches. This is best understood from the Young-Laplace equation: 

                          Pvap − Pliq =
γ
rk
= γ
2
(1
r1
+ 1
r2
)    or        2

rk
= 1
r1
+ 1
r2

                       (3.2) 

where Pvap and Pliq are the pressures of each side of the membrane, γ  is the surface tension, and 

r1 and r2 are the radii of the curvature (see Figure 3.2a).  

For condensation or evaporation in a cylindrical pore (one end open) having a 

hemispherical meniscus, r1 = r2 = rk. The hemispherical meniscus is formed inside a single, 

(a) (b) 

Figure 3.2. Different shapes of meniscus. (a) Two radii for an ellipsoidal meniscus; (b) Two radii 
for a cylindrical meniscus formed during adsorption in a slit open at both ends 

!
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cylindrical adsorbed layer of thickness t. Therefore, for a cylindrical pore with a meniscus of 

hemispherical radius rk, adsorbed multilayer thickness t and rk add to give the pore radius, rp: 

                                                             rp = rk + t                                                (3.3) 

For condensation in a cylindrical pore open at both ends, the meniscus is a cylindrical 

annulus for which r1 = rk and r2 = ∞; thus, rm = 2 rk (see Eqn. 3.2 and Figure 3.2b). Similarly, in 

the case of a slit-shaped pore, rm = 2 rk = wk, where wk is the pore width (note that Figure 3.2b 

also applies for slit geometry).  For a slip-shaped pore there are two adsorbed layers of thickness 

t on either side of the cylindrical meniscus (Figure 3.2b). Thus, the effective pore width of slit-

shaped pore wp is given by: 

                                                           wp = rk + 2t                                              (3.4) 

The thickness t of the adsorbed layer can be calculated using Halsey’s equation44 in terms 

of the volume V absorbed at a given P/P0 divided by the monolayer volume Vm times σ, the 

effective height of a layer, for which σ is 0.354 nm assuming hexagonal close packing of the 

adsorbed layer: 

                                                 t = −0.354[ 5.00
ln(P / P0 )

]1/3                                     (3.5) 

In the classical calculation of pore size and pore size distribution by Pierce, Orr, and 

Dalla Valle,28, 29 the decrement in adsorbed volume ΔVp during desorption consists of the 

decrement in gas volume from the adsorbed layer ΔVf and the volume ΔVk attributed to 

desorption from pores containing liquid condensate. For a parallel plate model and a rectangular-

shaped pore, the relationship between ΔVp and ΔVk can be defined by: 

                                        ΔVp = ΔVk (
wp

rk
) = ΔVk (

wp

wp − 2t
)                                (3.6) 
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In the original slit model according to Innes,45 the calculation assumes a regular (all 

angles of 90°) rectangular volume. However, in a real system of semi-parallel slabs or randomly 

piled slabs, the slabs are not regular and hence the spaces between them (slit pores) are irregular 

rectangular spaces of monoclinic or triclinic geometry and may even be of a triangular solid 

geometry. Furthermore, the surface of the porous sample is not smooth as commonly assumed 

but contains defects, e.g. vacancies and atoms; in fact, γ-alumina is a defect spinel structure. 

Therefore, in the present study, we introduce a structural factor β to account for irregular slit 

pores (e.g., wide on one end and narrow at the other) and surface roughness such that the 

calculated pore volume closely matches the experimentally measured value. The corrected form 

of conversion is then given by: 

                                                 ΔVp = ΔVk (
wp

wp − 2t
)                                           (3.7) 

The specific surface area ΔS corresponding to a ΔVp contained by parallel plates can be 

calculated by  

                                                      ΔSp =
2ΔVp

wp

                                                  (3.8) 

However, it is expected that the Vp/Sp ratio will vary with pore geometry and pore radius. 

Changes in the structure factor with pore radius occur mainly in small mesopores for which 

surface/volume ratio is higher. The correction to α for geometry can be calculated using a semi-

empirical equation for average pore radius derived by Wheeler 46: 

                                          wp = (τε )(
2ΔVp

ΔSp
) =α (

2ΔVp

ΔSp
)                                     (3.9) 

where τ is the roughness factor (assumed by Wheeler to be 2), which is defined as the 

experimental surface area of a rough surface divided by its projected geometric surface, and ε is 
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the void fraction for a specified packing, thus, α = τ ε. In the present study, this α value is 

calculated by taking the ratio of the calculated surface area and experimental BET surface area.   

To better estimate PSD and APD, and given (1) the typically observed asymmetry and 

tailing of the dV/dr vs r curves and (2) substantial evidence that pore size distributions are log 

normal, we have long since adopted a log normal distribution as defined by Hald47 and as 

originally applied to pore size distributions by Nobe et al.48: 

                                    f = 1
(2π )1/2σD

exp − (lnD − µ)
2σ 2

⎡
⎣⎢

⎤
⎦⎥

                                (3.10) 

where D is the pore diameter, µ and σ are the mean value and standard deviation, respectively. In 

our calculation of PSD, the experimental pore volume (dV) is plotted versus pore width in log 

scale (dln(xp)) and normalized. For data points of the PSD peak, a calculated function based on 

the log normal distribution is normalized and compared with the experimental value. The sum of 

the differences between calculated and experimental volume density functions are minimized to 

obtain the best fit of the data, from which we get statistical values of average pore size and its 

standard deviation σ. The complete computational procedure is provided for one of the alumina 

samples in the form of a spreadsheet in the supporting information. 

3.2.5 CAM method  

To independently assess mesopore surface area and volume, we use the CAM method to 

get total surface area, external surface area, and mesopore volume based on a non-porous 

reference material.18 Since the aluminas in the present study are calcined at 700 °C, Degussa 

Aluminumoxid C have been found suitable for the analysis of isotherms on porous γ-alumina 

because of its similar surface chemistry.16, 17, 34 
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The adsorption data in a low-pressure range can be used to determine the total surface 

area Stot and the micro!

                                                          v = vmi + µ1α s                                           (3.11) 

where µ1 is the slope of linear part of the αs plot, and vmi is the intercept with the 

adsorbed amount axis providing the amount adsorbed in micropores. The total surface area Stot is 

given by: 

                                                   Stot = µ1SBET ,ref / v0.4,ref                                     (3.12) 

where SBET,ref and v0.4,ref are the BET surface area and the amount absorbed at P/P0=0.4 for the 

reference adsorbent. The micropore volume Vmi can be calculated by  

                                                              Vmi = vmic                                             (3.13) 

where c is the conversion factor between the volume in gas and liquid nitrogen adsorbate. If Vmi 

and vmi are expressed in cm3/g and cm3 STP/g, respectively, c = 0.0015468.   

External surface area Sext and primary mesopore volume Vp can be assessed using the 

high-pressure adsorption data based on the relation: 

                                                        v = vp + µ2α s                                              (3.14) 

where µ2 is the slope of the linear part of the high-pressure range of the αs plot, and vp is the 

intercept with the adsorbed amout axis. Then Sext can be calculated using Eq. 3.12 with µ2, 

whereas Vp is given by  

                                                        Vp = vpc −Vmi                                             (3.15) 

3.3 Results  

The XRD patterns of alumina samples are shown in Figure 3.3. Characteristic peaks of 

γ-alumina (JCPDS card 00-029-0063) are clearly seen. The seven peaks of gamma alumina can 
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be indexed to the (1 1 1), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (5 1 1), (4 4 0) reflections. The average 

diameters of Al-Iprop and Al-Sbuto calculated by the Scherrer formula based on the (440) peaks 

are about 4 nm, whereas the average values of Al-AA and Al-SG are about 5 nm.  

Figure 3.4 shows the TEM images of 

alumina samples. A careful examination of the 

images for Al-Iprop and Al-Sbuto samples is 

consistent with overlapping platelets in the 

plane and others normal to the plane of the 

micro graph, showing a three-dimensional 

open packing order. These platelets are 

roughly 30-50 nm long, 15-20 nm wide, and 

4-5 nm thick, which is consistent with the 

particle size calculated from the XRD results. 

For Al-AA and Al-SG samples, primary particles consist of overlapping platelets in one plane; 

platelets have dimensions similar to those of samples prepared from aluminum alkoxides (see 

Figure 3.4c and 3.4d).  

Nitrogen adsorption-desorption isotherms of the different alumina supports are shown in 

Figure 3.5. According to IUPAC, all the isotherms are Type IV, indicating the presence of 

mesopores. The N2 adsorption capacities of Al-AA and Al-SG are in the range of 400 to 500 

cm3/g STP, whereas those for aluminas prepared from aluminum alkoxides are in the range of 

800 to 1100 cm3/g STP. It is well known that the N2 adsorption capacity is proportional to pore 

volume.1 Thus, the extraordinarily large nitrogen adsorption uptakes by the alumina samples 

Figure 3.3. XRD patterns of different 
alumina samples. 
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synthesized from aluminum alkoxides are consistent with their large pore volumes observed in 

this study (Table 3.1). 

Table 3.1 Structural parameters of different Al2O3 samples 

Sample 
SBET 

a C a Sme,cal
b Stot,a 

c Sext,a 
c Sp,a c Vp,a 

c Vme.cal 
b Vsp

d 

(m2/g)  (m2/g) (m2/g) (m2/g) (m2/g) (cm3/g)  (cm3/g) (cm3/g) 

Al-Sbuto 300 166 216 297 75 222 1.42 1.47 1.62 

Al-Iprop 288 165 246 285 35 250 1.34 1.36 1.49 

Al-AA 175 159 122 173 47 126 0.63 0.68 0.76 

Al-SG 162 165 113 160 46 114 0.56 0.61 0.68 

a. SBET, C denote BET SA and BET constant determined by N2 adsorption at 77 K and 
calculated from the BET equation using P/P0 ranges form 0.05-0.20. 

b. Sme,cal, Vme.cal, denote mesopore surface area and volume calculated from SPG model over 
pore width range of 2 to 50 nm.   

c. Stot,a, Sext,a, Sp,a, Vp,a, denote total surface area, external surface area, mesopore area, 
mesoporous volume calculated using αs method. 

d. Vsp is pore volume obtained from single point method at P/P0 = 0.99  

(a) (b) 

(c) (d) 

Figure 3.4.  TEM images of different alumina samples: (a) Al-Iprop; (b) Al-Sbuto; (c) Al-AA 
(d) Al-SG!
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Figure 3.6 shows the αs 
 plots for the four different alumina samples. The low-pressure 

part of these plots exhibits excellent linearity starting from the lowest adsorbed quantity, 

indicating the absence of micropores. This linearity is also observed for organized mesoporous 

aluminas.17 The subsequent steep increase at higher as values is due to capillary condensation of 

nitrogen in the mesopores. From the slope of the linear portion of the comparative plot, total 

surface area and external surface area of these four samples are obtained. As evident in Table 

3.1, values of total surface area Stot and BET surface area SBET are in excellent agreement for 

each sample, e.g. 297 and 300 m2/g for Al-Sbuto.  Given that Stot corresponds to the area of 

mesopores only, the agreement of Stot and SBET further confirms the absence of detectable 

micropores in all four samples. It is also worth noting that the BET constants (C values) for all 

alumina samples are greater than 100, indicating a well-defined localized monolayer,4 which is 

Figure 3.5.  N2 adsorption/desorption isotherms of different alumina samples. 
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indicative of the validity of the BET data. Furthermore, the calculated mesopore areas from 

CAM, agree within 3% of the areas obtained from the SPG model, while mesopore volumes 

agree within 3-8%, confirming that the proposed SPG model provides accurate assessments of 

these two pore properties.  

 

The pore size distributions of the alumina samples devived from both BJH and SPG 

models are shown in Figure 3.7. Pore widths, standard deviation, and the coefficient of 

determination for the fitting of log normal distribution, calculated from BJH and SPG model 

using both adsorption and desorption branches, are listed in Table 3.2. All four samples have  

(b) (a) 

(c) (d) 

Figure 3.6 αs Plots of different alumina samples: (a) Al-Iprop; (b) Al-Sbuto; (c) Al-AA (d) Al-SG 
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Table 3.2 Pore widths & standard deviations for Al2O3 samples  

Sample 
WBJH 

a  (nm)  WSPG 
b (nm)  σ c  R2  

Adsorp Desorp.  Adsorp. Desorp.  Adsorp. Desorp.  Adsorp. Desorp. 

Al-Sbuto 18.3 14.5  30.1 18.3  1.66 1.48  0.914 0.990 

Al-Iprop 14.5 12.0  19.8 13.8  1.21 1.08  0.963 0.986 

Al-AA 14.9 12.7  24.0 13.5  1.64 1.27  0.947 0.959 

Al-SG 14.2 12.0  21.4 13.1  1.62 1.26  0.918 0.934 

a. Average slit width calculated using BJH method 
b. Average slit width calculated using SPG slit model  
c. Standard deviation calculated using slit (SPG) model  

 
 

large (a) (b) 

(c) (d) 

Figure 3.7 Pore size distributions of different alumina samples: (a) Al-Iprop; (b) Al-
Sbuto; (c) Al-AA (d) Al-SG 

!
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mesopore (APD > 10 nm) and relatively narrow PSD. The standard deviation obtained from the 

fitted log normal distribution of each sample follows the trends: Al-Sbuto > Al-SG ≈ Al-AA > 

Al-Iprop.  

The two proposed structural factors derived from the SPG model, α for the surface to 

volume ratio, and β for the conversion from core pore volume Vk to adsorbed volume Vp, as well 

as the determination of coefficient (R2) are listed in Table 3.3. For all four samples, α values are 

close to 1, indicating experimental surface areas of a rough surface are in good agreement with 

their projected geometric surface. On the other hand, the structural factor β is approximately 0.9 

for all four samples.  

Table 3.3 Structural factors for Al2O3 samples 

Sample 
α  β 

Adsorp Desorp.  Adsorp. Desorp. 

Al-Sbuto 0.936 0.908  0.900 0.900 

Al-Iprop 1.057 0.944  0.885 0.877 

Al-AA 0.993 0.975  0.893 0.893 

Al-SG 0.982 0.963  0.893 0.893 

 

3.4 Discussion 

3.4.1 Pore geometry of alumina samples  

It is well known that the transformation from boehmite to γ-alumina is topotactic49 and, 

therefore, γ-alumina is likely to maintain the original morphology of the boehmite precursors. 

Depending on the preparation method and conditions, plate-like or lath-like boehmite crystallites 

are obtained.50, 51 For alumina samples prepared from aluminum alkoxides (Al-Iprop and Al-

Sbuto, Figure 3.4a and 3.4b), the observed morphology is consistent with the structure of the 
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boehmite precursor described in our previous studies.30 Moreover, the 3D open scaffold 

structures observed for Al-Iprop and Al-Sbuto, are similar to those of the aluminas prepared by 

block copolymer templates52 and room temperature ionic liquids,53 although the structures of 

alkoxide-derived materials of this study are less regular. Apparently, an irregular porous system 

consisting of interpolate voids is formed in calcined Al-Iprop and Al-Sbuto solids having a 

random distribution of platelets of varying dimensions. The pore volumes obtained from N2 

adsorption measurements provide further evidence for the open stacking order observed in TEM 

images. Indeed, the extraordinarily large pore volumes of Al-Iprop and Al-Sbuto of 1.5 and 1.6 

cm3/g, are comparable to those of ordered mesoporous alumina prepared by Zhu et al.52 via 

surfactant-induced fiber formation (SIFF). Zhu et al. attributed their large pore volumes to 

intercrystalline voids created by randomly stacked fibers. The large pore volumes in the present 

study for aluminas prepared from aluminum alkoxides can be attributed to similar open 3D 

stacking of alumina nanoslabs. On the other hand, for the two commercial alumina samples (Al-

AA and Al-SG, Figures 3c and 3d), the more closely packed morphologies give rise to smaller 

fractions of intercrystalline voids, as confirmed by the relatively small pore volumes obtained in 

the N2 adsorption measurements. In addition, according to IUPAC classification, the hysteresis 

loops for all four alumina samples are apparently composites of H1 and H3, indicating these 

alumina samples consist of plate-like particles and slit-like pores, consistent with the 

morphology observed in TEM micrographs. Therefore, for this particular porous system 

(generally typical of porous gamma aluminas), the proposed SPG model, based on the slit pore 

geometry constructed by parallel plates, is fundamentally more appropriate than the cylindrical 

model of the BJH method. 
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3.4.2 Pore size distribution of alumina samples  

In the present study, no H2 behavior was observed; rather, the hysteresis observed for Al-

Iprop (Figure 3.5) is almost identical to type H1, indicating relatively uniform pores are present 

in this solid. Isotherms of the other three alumina samples are apparently a composite of H1 and 

H3 (Figure 3.5), since the adsorption and desorption branches are parallel and the hysteresis loop 

isn’t closed until P/P0 approaches 1. These isotherm shapes are consistent with pores formed by 

the interstices between plate-like aggregates, consistent with the observations in the TEM 

micrographs.  Given a slit geometry, condensation during adsorption is likely to be delayed. 

Thus, the adsorption branch is most probably not appropriate for PSD analysis of the samples in 

this study, while the desorption branch is the one of choice.  Accordingly, the desorption branch 

was selected for PSD calculations for all four samples in the present study. 

PSDs for all four alumina samples show well-defined peak shapes with good symmetry 

(Figure 3.7). Given its inherent advantages of symmetry and easy error analysis, the log normal 

distribution enables estimation of average pore size and pore size distribution for alumina 

samples. For all four samples, the calculated log normal distribution is fitted very well with the 

experimental data; indeed, the coefficient of determination (R2) values are very close to 1 (Table 

3.2). The relatively large mean pore widths (> 10 nm) are consistent with the results from as plots 

(Figure 3.6), i.e., at the high-pressure end of as plots, the slope continues to be relatively steep, 

indicating the presence of relatively large mesopores. As shown in the PSD plots (Figure 3.7), 

the width of the PSD peaks from BJH model and those from the SPG model are similar, 

indicating approximately the same pore size span. However, the centers of the peaks from the 

BJH model are all smaller than those from SPG model. According to the pore width values in 

Table 3.2, pore widths calculated from the BJH model are roughly 6-40% smaller than those 
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obtained by SPG model on both adsorption and desorption isotherm branches, consistent with the 

observation that the BJH model generally underestimates pore size 7, 14. It is worth noting that 

with larger pore widths, the difference between the values from BJH and SPG models for each 

sample become more significant. Based on the APDs calculated using the desorption branch 

(Table 3.2), the relative difference is 20.7% for Al-Sbuto, while for the other three samples, the 

relative difference ranges from 6% to 13%.  

The trend of the standard deviation on slit width calculated from the log normal 

distribution for all four samples (Table 3.2) is consistent with that of the corresponding nitrogen 

adsorption isotherm shape (Figure 3.5). The hysteresis loop of Al-Sbuto spans a wide range of 

relative pressure P/P0 from ca. 0.65 to 0.99, suggesting that capillary condensation occurs over a 

wide range of pore sizes. In contrast, the hysteresis loop of Al-Iprop ranges from ca. 0.75 to 0.85, 

indicating that the capillary condensation takes place in mesopores with a fairly narrow 

distribution. For Al-AA and Al-SG, although their adsorption capacities are different, the starting 

and ending point of their hysteresis loops are essentially the same. As a result, the standard 

deviations of the pore size distributions are almost identical.  

3.4.3 Structural factors  

Values of α in the SPG model, the structural factor which accounts for deviations in the 

surface to volume ratio from that of a slab, are close to 1 for all four alumina samples (Table 

3.3), indicating that the pore shapes of alumina samples in the present study are close to the ideal 

slit pore geometry in the proposed SPG model. It is important to note that the α values obtained 

during desorption from Al-AA and Al-SG are 0.975 and 0.963, respectively, showing excellent 

agreement between the experimental surface area of a rough surface and its projected geometric 

surface. This could be explained by the morphology observed in the TEM micrographs (Figure 
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3.2).  Since Al-AA and Al-SG consists of overlapping platelets along one direction, pore walls 

are expected to be parallel. While somewhat random 3D stacking is observed from TEM for Al-

Iprop, its α value of 0.944 is nevertheless consistent with largely parallel plates in all 3 

dimensions; this result is consistent with the observation from TEM of uniformly thick slabs 

arranged perpendicular to those in the micrograph plane. The stacking for Al-Sbuto is apparently 

somewhat more random in three dimensions given its lower α value of 0.908. The more random 

stacking is also consistent with the TEM results and the wide PSD observed in Al-Sbuto sample 

(Figure 3.7b).  

Values of the structural factor β, which accounts for effects of geometry and surface 

roughness in converting the core pore volume Vk to the adsorbed volume Vp, are close to 0.9 and 

thus for 3 samples 4-10% lower than for the corresponding α value but nevertheless close 

enough to 1 to be consistent with the proposed SPG model. It is worth noting that β value for 

each sample is smaller than its corresponding α value, which is explained by their respective 

physical meaning. Since β corrects for surface roughness in addition to the pore geometry, the 4-

10% smaller values (relative to α) may provide a measure of the contribution from surface 

roughness.  Indeed, the commonly accepted structure of γ-Al2O3 is the ideal spinel (space group 

Fd3m), and it contains oxygen ions in the 32e Wyckoff positions, which are approximately close 

packed, while twenty-one and a third aluminum cations and 8/3 aluminum vacancies are 

distributed over 16d octahedral and 8a tetrahedral sites.54 Since three-fourths of the 16d 

octahedral sites in the Fd3m group are on the surface of the unit cell, these vacancies likely 

contribute measurably to surface roughness, especially in the case of materials at the nanoscale. 

That β values of the four alumina samples are approximately the same, suggesting their surface 

properties are very nearly the same, a reasonable conclusion considering that all four samples are 



!
74 

shown from XRD to be γ-alumina. This consistency also further supports the validity of the SPG 

model. 

3.5 Conclusion 

An new model for calculating the average pore size (APS), pore size distribution (PSD) 

and pore volume (PV) of large-pore (> 10 nm), mesoporous gamma aluminas, i.e. the Slit Pore 

Geometry (SPG) Model, is presented and validated from a comprehensive analysis of N2 

adsorption, XRD, and TEM data for four representative large-pore aluminas. Surface area from 

BET analysis and pore volume obtained using SPG analysis are in good agreement with values 

obtained via the CAM method. Average pore widths calculated from the SPG model are 10-30% 

larger than those from BJH model based on cylindrical pore geometry from analysis in both 

cases from the desorption branch. Thus, the BJH method is not appropriate for determination of 

PSD for large slit-like pores or for pores whose geometry varies significantly from cylinders.  

The SPG model is recommended as the model of choice for PSD analysis of aluminas 

having large mesopores (dpore > 10 nm). It may also be useful in general for PSD analysis of all 

mesoporous solids having slit-like pores (dpore > 5 nm). Moreover, the use in the SPG model of 

the log normal PSD function provides inherent advantages of symmetry enabling accurate 

determination of APS and PSD and easy, standardized error analysis; moreover, it is applicable 

to any pore geometry. Furthermore, two structural factors derived from the SPG model, α and β, 

provide further insights in assessing structure and roughness of pores. The principal of using 

structural factors also has general application to all mesoporous geometries. 

Based on the results of this and other recent studies, fundamentally based criteria are 

proposed for accurately determining pore volume, average pore size, and pore size distribution of 

a mesoporous material:  
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(1) Selection of an appropriate method for calculating PSD and of the appropriate form of 

the Kelvin equation should rely on knowledge of the primary particle and pore geometries 

obtained from other techniques, including XRD and TEM and from available literature on 

appropriate methods for solids of different pore geometry, e.g. BJH method for cylindrical pores, 

the SPG method for slit pores. 

(2) Surface areas and pore volumes should be determined independently via a 

comparative adsorption method, e.g. CAM method. 

(3) Selection of the appropriate hysteresis branch for PSD analysis should be based on 

accumulated knowledge from the literature of the known limitations of such analysis as dictated 

by isotherm type, hysteresis shape, solid type, and pore size range.   

(4) Use in PSD calculations of appropriate structural factors relating pore radius to pore 

volume and surface area, which can provide greater insights into structural analysis of 

mesoporous materials of all geometries 

(5) Use in PSD calculations of the volumetric log pore size distribution function, noting 

its advantages already mentioned and its almost universal application to mesoporous solids. 

 

References 
 

1. Gregg, S. J.; Sing, K. S. W., Adsorption, surface area and porosity. 2 ed.; Acanedic 
Press: London, 1982. 

2. Thomas, J. M.; Thomas, W. J., Principles and practice of heterogeneous catalysis. 1 
ed.; Wiley-VCH: New York 1996; p 676. 

3. Lastoskie, C. M.; Quirke, N.; Gubbins, K. E., Structure of porous adsorbents: Analysis 
using density functional theory and molecular simulation. Stud. Surf. Sci. Catal. 1997, 
104 (Equilibria and Dynamics of Gas Adsorption on Heterogeneous Solid Surfaces), 
745-775. 

4. Rouquerol, F.; Rouquerol, J.; Sing, K., Adsorption by powders and porous solids. 
Academic Press: London, 1999. 



!
76 

5. Thomas, J. M.; Thomas, W. J., Principles and practice of heterogeneous catalysis. 1 
ed.; Wiley-VCH: New York, 1996. 

6. Hunter, R. J., Foundations of colloid science. 2 ed.; Oxford Press: U.S.A, 1990. 
7. Lowell, S.; Shields, J. E.; Thomas, M. A.; Thomas, A., Characterization of porous 

solids and powders. Springer: 2006. 
8. Kaneko, K., Determination of pore size and pore size distribution 1. Adsorbents and 

catalysts. J. Membr. Sci. 1994, 96 (1+2), 59-89. 
9. Groen, J. C.; Peffer, L. A. A.; Perez-Ramirez, J., Pore size determination in modified 

micro- and mesoporous materials. Pitfalls and limitations in gas adsorption data 
analysis. Micropor. Mesopor. Mater. 2003, 60 (1-3), 1-17. 

10. Jaroniec, M.; Kruk, M., Gas adsorption: A valuable tool for the pore size analysis and 
pore structure elucidation of ordered mesoporous materials. Stud. Surf. Sci. Catal. 2003, 
146 (Nanotechnology in Mesostructured Materials), 263-269. 

11. Barrett, E. P.; Joyner, L. G.; Halenda, P. P., The determination of pore volume and area 
distribution in porous substance. I. Computations from nitrogen isotherms. J. Am. 
Chem.Soc. 1951, 73, 373-380. 

12. Luisa Ojeda, M.; Marcos Esparza, J.; Campero, A.; Cordero, S.; Kornhauser, I.; Rojas, 
F., On comparing BJH and NLDFT pore-size distributions determined from N2 sorption 
on sba-15 substrata. Phys. Chem. Chem. Phys. 2003, 5 (9), 1859-1866. 

13. Cranston, R. W.; Inkley, F. A., The determination of pure structures from nitrogen 
adsorption isotherms. Adv. Catal. 1957, 9, 143-54. 

14. Groen, J. C.; Perez-Ramirez, J., Critical appraisal of mesopore characterization by 
adsorption analysis. Appl. Catal., A 2004, 268 (1-2), 121-125. 

15. Jaroniec, M.; Kruk, M.; Olivier, J. P., Standard nitrogen adsorption data for 
characterization of nanoporous silicas. Langmuir 1999, 15 (16), 5410-5413. 

16. Cejka, J.; Zilkova, N.; Rathousky, J.; Zukal, A., Nitrogen adsorption study of organized 
mesoporous alumina. Phys. Chem. Chem. Phys. 2001, 3 (22), 5076-5081. 

17. Cejka, J.; Zilkova, N.; Rathousky, J.; Zukal, A.; Jagiello, J., High-resolution adsorption 
of nitrogen on mesoporous alumina. Langmuir 2004, 20 (18), 7532-9. 

18. Sayari, A.; Liu, P.; Kruk, M.; Jaroniec, M., Characterization of large-pore MCM-41 
molecular sieves obtained via hydrothermal restructuring. Chem. Mater. 1997, 9 (11), 
2499-2506. 

19. Broekhoff, J. C. P.; De Boer, J. H., Pore systems in catalysts. X. Calculations of pore 
distributions from the adsorption branch of nitrogen sorption isotherms in the case of 
open cylindrical pores. 2. Applications. J. Catal. 1967, 9 (1), 15-27. 

20. Broekhoff, J. C. P.; De Boer, J. H., Pore systems in catalysts. Ix. Calculation of pore 
distributions from the adsorption branch of nitrogen sorption isotherms in the case of 
open cylindrical pores. 1. Fundamental equations. J. Catal. 1967, 9 (1), 8-14. 



!
77 

21. Broekhoff, J. C. P.; De Boer, J. H., Pore systems in catalysts. Xiv. Calculation of the 
cumulative distribution functions for slit-shaped pores from the desorption branch of a 
nitrogen sorption isotherm. J. Catal. 1968, 10 (4), 391-400. 

22. Broekhoff, J. C. P.; De Boer, J. H., Pore systems in catalysts. Xiii. Pore distributions 
from the desorption branch of a nitrogen sorption isotherm in the case of cylindrical 
pores. 2. Applications. J. Catal. 1968, 10 (4), 377-90. 

23. De Boer, J. H.; Linsen, B. G.; Broekhoff, J. C. P.; Osinga, T. J., Pore systems in 
catalysts. Xv. Influence of the geometrical factor on the thickness curve measured on 
aerosil. J. Catal. 1968, 11 (1), 46-53. 

24. Kruk, M.; Jaroniec, M.; Sayari, A., Adsorption study of surface and structural 
properties of MCM-41 materials of different pore sizes. J. Phys. Chem. B 1997, 101 
(4), 583-589. 

25. Kruk, M.; Jaroniec, M.; Sayari, A., Application of large pore MCM-41 molecular 
sieves to improve pore size analysis using nitrogen adsorption measurements. Langmuir 
1997, 13 (23), 6267-6273. 

26. Kruk, M.; Jaroniec, M.; Sayari, A., Structural and surface properties of siliceous and 
titanium-modified hms molecular sieves. Micropor. Mater. 1997, 9 (3,4), 173-183. 

27. Jaroniec, M.; Solovyov, L. A., Improvement of the kruk-jaroniec-sayari method for 
pore size analysis of ordered silicas with cylindrical mesopores. Langmuir 2006, 22 
(16), 6757-6760. 

28. Orr, C.; Dalla Valle, J. M., Fine particle measurement. Macmillan: New York, 1959. 
29. Pierce, C., Computation of pore sizes from physical adsorption data. J. Phys. Chem. 

1953, 57, 149-52. 
30. Huang, B.; Bartholomew, C. H.; Smith, S. J.; Woodfield, B., Facile solvent-deficient 

synthesis of mesoporous gamma alumina with controlled pore structures. Micropor. 
Mesopor. Mater. 2013, 165, 70-78. 

31. Woodfield, B. F.; Liu, S.; Boerio-Goates, J.; Liu, Q. Preparation of uniform 
nanoparticles of ultra-high purity metal oxides, mixed metal oxides, metals, and metal 
alloys. 2007-US4279, 2007098111, 20070216., 2007. 

32. Bartholomew, C. H.; Woodfield, B. F.; Huang, B.; Olsen, R. E.; Astle, L. Method for 
making highly porous, stable metal oxide with a controlled pore structure. 2011-
US29472, 2011119638, 20110322., 2011. 

33. Smith, J. S.; Liu, S.; Liu, Q.; Olsen, R. E.; Rytting, M.; Selck, D.; Simmons, C.; 
Boerio-Goates, J.; Woodfield, B. F., Metal oxide nanoparticle synthesis via a robust 
"solvent-deficient" method. Chem. Mater. 2012. 

34. Sing, K. S. W., Surface area determination. Butterworths: London, 1970. 

35. Ball, P. C.; Evans, R., Temperature dependence of gas adsorption on a mesoporous 
solid: Capillary criticality and hysteresis. Langmuir 1989, 5 (3), 714-23. 



!
78 

36. Neimark, A. V.; Ravikovitch, P. I.; Vishnyakov, A., Adsorption hysteresis in 
nanopores. Phys. Rev. E Stat. Phys., Plasmas, Fluids, Relat. Interdiscip. Top. 2000, 62 
(2-A), R1493-R1496. 

37. Neimark, A. V.; Ravikovitch, P. I., Capillary condensation in mms and pore structure 
characterization. Micropor. Mesopor. Mater. 2001, 44-45, 697-707. 

38. Monson, P. A., Contact angles, pore condensation, and hysteresis: Insights from a 
simple molecular model. Langmuir 2008, 24 (21), 12295-12302. 

39. Thommes, M., Recent advances in the characterization of mesoporous materials by 
physical adsorption. Annu. Rev. Nano Res. 2010, 3, 515-555. 

40. Liu, H.; Zhang, L.; Seaton, N. A., Sorption hysteresis as a probe of pore structure. 
Langmuir 1993, 9 (10), 2576-82. 

41. Rojas, F.; Kornhauser, I.; Felipe, C.; Esparza, J. M.; Cordero, S.; Dominguez, A.; 
Riccardo, J. L., Capillary condensation in heterogeneous mesoporous networks 
consisting of variable connectivity and pore-size correlation. Phys. Chem. Chem. Phys. 
2002, 4 (11), 2346-2355. 

42. Niemark, A. V., Percolation theory of capillary hysteresis phenomena and its 
application for characterization of porous solids. Stud. Surf. Sci. Catal. 1991, 62 
(Charact. Porous Solids 2), 67-74. 

43. Parlar, M.; Yortsos, Y. C., Percolation theory of vapor adsorption-desorption processes 
in porous materials. J. Colloid Interface Sci. 1988, 124 (1), 162-76. 

44. Halsey, G., Physical adsorption on nonuniform surfaces. J. Chem. Phys. 1948, 16, 931-
7. 

45. Innes, W. B., Use of a parallel plate model in calculation of pore-size distribution. Anal. 
Chem. 1957, 29, 1069-73. 

46. Wheeler, A., Catalysis. Reinhold: New York, 1955. 

47. Hald, A., Statistical theory with engineering applications. Wiley: New York, 1964. 

48. Nobe, K.; Hamidy, M.; Chu, C., Pore-size distributions of copper oxide-alumina 
catalysts. J. Chem. Eng. Data 1971, 16 (3), 327-31. 

49. Wefers, K.; Misra, C., Alcoa technical paper no.19. 1987. 
50. Jolivet, J.-P.; Cassaignon, S.; Chaneac, C.; Chiche, D.; Tronc, E., Design of oxide 

nanoparticles by aqueous chemistry. J. Sol-Gel Sci. Technol. 2008, 46 (3), 299-305. 

51. Jolivet, J.-P.; Froidefond, C.; Pottier, A.; Chaneac, C.; Cassaignon, S.; Tronc, E.; 
Euzen, P., Size tailoring of oxide nanoparticles by precipitation in aqueous medium. A 
semi-quantitative modelling. J. Mater. Chem. 2004, 14 (21), 3281-3288. 

52. Zhu, H. Y.; Riches, J. D.; Barry, J. C., Gamma-alumina nanofibers prepared from 
aluminum hydrate with poly(ethylene oxide) surfactant. Chem. Mater. 2002, 14 (5), 
2086-2093. 



!
80 

Chapter 4 
 

Facile solvent deficient synthesis of mesoporous γ-alumina with 

controlled pore structures 

 

4.1 Introduction 

This chapter reports a novel one-pot, synthetic method for the preparation of high surface 

area mesoporous aluminas having a wide range of pore sizes with narrow pore-size distributions. 

In general, this method involves two simple, room temperature steps: (1) mixing an aluminum 

salt (e.g., aluminum nitrate, chloride, alkoxide, etc.) with a base (e.g., ammonium bicarbonate, or 

a small quantity of water in the case of aluminum alkoxides) to initiate a solvent deficient 

reaction followed by (2) calcining the intermediate at elevated temperatures to obtain an alumina 

support. Nanoparticles in this process typically crystallize during the precipitation or hydrolysis 

step to a Boehmite precursor of a specific morphology which is condensed to γ-alumina during 

calcination, while all of the byproducts escape either during mixing or subsequently during 

calcination in the form of simple, common gases that can be easily trapped. It is worth noting 

that no additional surfactant, template or structure-directing agent is used in this synthesis; this 

greatly reduces cost and environmental impact. The final product, after calcination at 700°C for 2 

h, consists of nanostructured γ-alumina having a surface area from 210 to 320 m2/g, a pore 

diameter in the range of 6-18 nm, a relatively narrow pore size distribution, and a pore volume 

ranging from 0.4 cm3/g to 1.7 cm3/g. These support materials have the potential of lowering 

catalyst cost and improving catalyst performance for many different catalytic applications, 
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including chemicals manufacture, petroleum refining, automotive emissions control, VOC 

emissions control, and Fischer-Tropsch and methanol syntheses. 

4.2 Experimental Section 

4.2.1 Materials  

Aluminum nitrate nonahydrate (Al(NO3)3·9H2O), aluminum chloride hexahydrate 

(AlCl3·6H2O), aluminum iso-propoxide (Al(OCH(CH3)2)3), aluminum sec-butoxide 

(Al(OCH(CH3)CH2CH3)3), and ammonium bicarbonate (NH4HCO3) were purchased from Alfa 

Aesar and used as received without purification. Deionized water was used in all the synthesis. 

All glassware was cleaned with nitric acid, rinsed thoroughly and dried before use. 

4.2.2 Support Synthesis 

A typical synthesis involves formation of precursors followed by thermal treatment.1-3 

For inorganic sources, the solid metal salt (aluminum nitrate and aluminum chloride) and a 

stoichiometric amount of solid base ammonium bicarbonate (a NH4HCO3 to Al molar ratio of 3 

to 1) were intimately mixed with a mortar and pestle to facilitate the initially solvent-free, solid-

state reaction. Waters of hydration present in the starting materials were released and the mixture 

was wetted and assumes a pasty consistency. A small amount of water could be added to 

facilitate mixing of the slurry, but a solvent deficient environment must be maintained. For 

example, 22.516 g of Al(NO3)3·9H2O and 14.235 g of NH4HCO3, were mixed in a mortar and 

ground vigorously by a pestle at room temperature for 20 minutes. The resultant intermediate, or 

precursor, was subsequently thermally treated in a muffle furnace in air at 700°C for 2 hours. A 

ramp rate of 2.33 °C/min was used to (1) avoid rapid dehydration to ensure uniform pore 

construction and (2) ensure uniform heat transfer to achieve better homogeneity and avoid rapid 

grain growth. 
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As for the aluminum alkoxides, such as aluminum iso-propoxide and aluminum sec-

butoxide, these starting materials were hydrolyzed to obtain precursors by adding water, which 

was considered as a base in this procedure, with fixed water to aluminum molar ratio of 5 to 1 

while grinding. For instance, 24.158 g of aluminum sec-butoxide was mixed with 8.83 ml of 

distilled water using a mortar and pestle for 15 minutes. The resultant white gel-like 

intermediate, or precursor, was subsequently thermally treated in a muffle furnace in air at 700°C 

for 2 hours with a ramp rate of 2.33 °C/min.  

It is important to emphasize the solvent deficient environment used in our synthetic 

approach. When aluminnum nitrate and aluminum chloride are used as aluminum salts in a 

typical solvent system assisted by anionic or cationic surfactants, the water to aluminum molar 

ratios are reported to be at least 40 or 50 to 1.4 In this study, however, the water to aluminum 

molar ratios were 9 and 5 for aluminum inorganic salts and aluminum alkoxides, respectively. 

The final samples were labeled, starting with a prefix of Al followed by the type of 

aluminum salts (N, Cl, Iprop and Sbuto, which refer to aluminum nitrate nonahydrate, aluminum 

chloride hexahydrate, aluminum iso-propoxide and aluminum sec-butoxide, respectively). For 

example, Al-N refers to alumina sample prepared from Al(NO3)3·9H2O calcined at 700°C for 2 

hours in air. 

4.2.3 Characterization  

The structure of each sample was determined by powder X-ray diffraction (XRD) on a 

Panalytical X’Pert Pro X-ray diffractometer with Cu Kα radiation (λ=0.15418 nm) at a scanning 

rate of 0.02°s-1 in the 2θ ranges from 10° to 80°. A fixed power source was used (40 kV, 40 mA). 

All alumina precursors were dried at room temperature over night before the measurements. 

Crystallite sizes were estimated using the Scherrer formula for size-related peak broadening.  
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The morphology of the samples was observed with a FEI Philips Tecnai F30 transmission 

electron microscope (TEM) operating at 300 kV or a FEI Philips Technai F20 Analytical STEM 

operating at 200 kV. Specimens were prepared by dispersing samples in ethanol, sonicating in a 

water bath for 1 hour and then placing a drop of the diluted solution on a carbon film supported 

by a 200 mesh Cu grid (Ted-Pella Inc.).  

Nitrogen adsorption analysis was carried out using a Micromerictics Tristar 3020 

apparatus at -196 °C. Samples were degassed at 200 °C with nitrogen flow over night prior to the 

measurements. Specific surface area (SA) was calculated by the Brunauner-Emmett-Teller 

(BET) method, using a P/P0 range between 0.05 and 0.2.5 Pore volume (PV) was calculated from 

the adsorption isotherm at the relative pressure of 0.98 and mean pore diameter (MPD) were 

determined by the Barrett-Joyner-Helenda (BJH) method using either adsorption branch or 

desorption branch depending on the isotherm hysteresis type.6 Thus, adsorption branch was used 

for Al-N and Al-Cl samples, whereas desorption branch was used for Al-Iprop and Al-Sbuto. 

Pore size distribution and mesopore volume were calculated from the adsorption and desorption 

data using a newly developed method involving slit geometry for the Kelvin equation and 

structural corrections for area and volume, while fitting the data to a log normal distribution 

function.7-9 

Gases released during calcination of each precursor were identified though tandem 

TG/DTA-MS analyses. Thermogravimetric and differential-temperature analyses (TG/DTA) 

were performed using a Netzsch STA 409PC instrument. Mass spectrometry (MS) measurements 

were collected in tandem with the TG/DTA measurements by attaching a miniature quadrupole 

MS unit built in-house to the gaseous vent line of the Netzsch TG/DTA instrument.10 For these 

experiments, roughly 50 mg of dried precursor material uncalcined was loaded onto a platinum 
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pan and heated from room temperature to 700°C under a 20 mL/min He gas flow with a 

temperature ramp of 3°C/min. 

4.3 Results and discussion 

The wide-angle XRD patterns of alumina precursors and calcined samples are shown in 

Figure 4.1. Ammonium nitrate (JCPDS card 00-001-0809) and ammonium chloride (JCPDS card 

00-002-0887) peaks are readily observed in Al-N and Al-Cl samples, respectively, suggesting 

they are intermediates formed from aluminum nitrate and chloride during grinding and mixing 

Figure 4.1 XRD patterns of Al2O3 precursors before calcination and sample after calcination 
at 700°C for 2h. (a) Al-N precursor, (b) Al-Cl precursor, (c) Al-Iprop and Al-Sbuto precursors 
(d) calcined alumina samples obtained from different aluminum salts. 
!
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(Figure 4.1a and 4.1b). For aluminas prepared from aluminum alkoxides, boehmite (AlOOH) 

(JCPDS card 04-013-2972) is the precursor after the hydrolysis but before thermal treatment 

(Figure 4.1c). After calcination at 700°C in air, the XRD patterns (Figure 4.1d) show peaks 

characteristic of γ-alumina (JCPDS card 00-029-0063). The seven peaks of gamma alumina can 

be indexed to the (111), (220), (311), (222), (400), (511), (440) reflections. The diffraction peaks 

of Al-N and Al-Cl are weaker and broader than the ones of Al-Iprop and Al-Sbuto, which 

suggest that the latter two have better crystallinity. The average diameters of these four samples 

calculated by the Scherrer formula based on the (440) peaks are all about 4 nm. 

TGA-MS profiles for as-made alumina precursors provide insights into the reaction 

pathway. Figure 4.2a shows two-mass-loss steps for alumina precursor containing ammonium 

nitrate. The weight loss of around 30 wt.% between 50 and 100 °C is attributed to desorption of 

physically adsorbed water and CO2 gas formed during the reaction, which is confirmed by the 

mass spectrum peaks (1,17,18 and 44 amu for H+, OH-, H2O and CO2, respectively) in the same 

temperature range. The second significant weight loss at around 250°C is due to the 

decomposition of ammonium nitrate formed in the reaction, which is also confirmed by the mass 

spectrum (30 and 44 amu for NO and N2O gas, respectively)1 and consistent with XRD results. 

The same trends are observed in Figure 4.2b for the Al-Cl precursor, however, the mass 

spectrum does not show a peak expected at appoximately 280 °C, which would be due to 

decomposition of ammonium chloride. This is explained by the re-formation of ammonium 

chloride in the capillary connection between the TGA and MS.  

In the case of alumina alkoxides precursors, there is only one major weight loss peak. In 

Figure 4.2c, 18, 43 and 59 amu peaks for H2O, (CH3)2CH+ and (CH3)2CHO+, respectively, are 

observed as isopropanol fragments; in Figure 3.2d, 18, 45, 59 and 73 peaks for H2O,   
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Figure 4.2 TGA–MS spectrum for precursors obtained from different aluminum salts. (a) Al–N, (b) Al–
Cl, (c) Al–Iprop and (d) Al–Sbuto 
 
 
CH3CHOH+, CH3CH2CHOH+ and CH3CH2CH(CH3)O+, respectively, are observed as sec-

butanol fragments, indicating that the weight loss is due to the evaporation of water and the  

corresponding alcohol from the hydrolysis. It is important to emphasize that if the calcination 
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were carried out under nitrogen flow using cold traps, the byproducts could be easily recovered. 

Commercially, this practice would substantially reduce operating cost and hazardous air 

emissions. 

Table 4.1 Al2O3 samples made from different aluminum salts calcined at 700 °C for 2h a 

 
Sample 

Surface 
area 

(m2/g) 

Pore 
volume 
(cm3/g)  

Pore Diameter b 
(nm)  

Peak Width b 
(nm)  

Adsorp. Desorp. Adsorp. Desorp. 

Al-N 242 0.39 6.4 5.2 3.2 2.7 

Al-Cl 227 0.52 10.4 7.9 3.3 2.7 

Al-Iprop 314 1.72 29.3 18.7 3.1 2.9 

Al-Sbuto 317 1.60 29.4 10.1 & 
18.0 4.0 3.0 

a. Data are averages of several runs determined by N2 adsorption at 77 K 
b. Calculated using a newly developed method involving slit geometry for the Kelvin equation 

and structural corrections for area and volume, while fitting the data to a log normal 
distribution function 
 

Figure 4.3 shows the TEM images of alumina samples prepared from different aluminum 

salts. For samples prepared from aluminum nitrate and chloride, primary particles appear to be 

faceted hexagonal plates 8-12 nm in diameter, stacked fairly tightly. We hypothesize that the key 

to formation of such small, uniform γ-Al2O3 nanoparticles is a spatially constrained, solvent-

deficient environment that controls the grain growth of the precipitate. Images for Al-Iprop and 

Al-Sbuto show that the primary particles are plate-like and loosely stacked. At lower 

magnification, their morphology looks like disordered nanofibers embedded in wormlike porous 

networks. The “fibers” appear to have a length of ca. 50 nm and a diameter ca. 4 nm, which is 

very similar to a fibrious γ-alumina prepared by block copolymer template11 or by room 

temperature ionic liquids.12 However, with increased magnification, plate-like or slit-like 

particles are clearly displayed. Thus, we conclude that what might appear to be fiber like shapes 
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are instead plate-like aggregates perpendicular to the electron beam, consistent with an open, 

randomly 3-D stacking effect and with their high pore volumes (see Table 4.1).  

Figure 4.3. TEM images of γ-alumina sample after calcination at 700°C for 2h. (a) Al-N, 
(b) Al-Cl, (c) Al-Iprop and (d) Al-Sbuto. 
!
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Figure 4.4 shows the nitrogen adsorption-desorption isotherms and pore size distribution 

curves of the calcined alumina samples obtained from different aluminum salts, while their 

textural properties are summarized in Table 4.1. It is noteworthy that the PSD calculation for Al-

N and Al-Cl samples are based on the desorption branch of the isotherm because a hysteresis 

loop starting at a P/P0 of 0.42 or less may be a result of an artifact.13, 14 In the case of Al-Iprop 

and Al-Sbuto samples, the desorption branch is favored.6 More detail and further discussion will 

be provided in our pore size calculation paper.33 All the isotherms are type IV with a hysteresis 

loop indicating the presence of mesopores. For Al-N and Al-Cl samples, the hysteresis loops are 

a composite of H2 and H3, suggesting they may have pore connectivity with channel-like or ink-

bottle pores. The pore sizes of these two samples are small (6 and 10 nm, respectively) and the 

pore size distributions are fairly narrow (peak widths of 3 nm), which are consistent with the 

uniform sized, tightly stacked plates observed in TEM. The hysteresis loops for Al-Iprop and Al-

Sbuto are apparently a composite of H1 and H3, indicating that they have slit-shape pores or 

plate-like particles, consistent with the TEM results. The surface areas of Al-Cl and Al-N (227 

and 242 m2/g) are comparable with those of conventional Boehmite-derived aluminas heated to 

700 °C for a few hours.15 By contrast, BET surface areas of samples prepared from alkoxides 

(Al-Iprop and Al-Sbuto) are substantially higher (314 and 317 m2/g). The N2 adsorption 

capacities of Al-N and Al-Cl are in the range of 250 to 300 cm3/g STP, whereas those for 

aluminas prepared from alkoxides are in the range of 1100 cm3/g STP. N2 adsorption capacity is, 

of course, proportional to pore volume.5 Thus, the extraordinary large nitrogen adsorption 

uptakes by the alumina samples synthesized from aluminum alkoxides are consistent with their 

large pore volumes observed in this study. Indeed, the pore volumes of Al-Iprop and Al-Sbuto of 

approximately 1.7 cm3/g, are comparable to the extraordinarily large pore volume of ordered  
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Figure 4.4. N2 adsorption/desorption isotherms and pore size distributions of γ-aluminas after 
calcination at 700°C for 2h. (a) Al-N, (b) Al-Cl, (c) Al-Iprop and (d) Al-Sbuto. PSD for (a) 
and (b) are based on adsorption branch, PSD for (c) and (d) are based on desorption branch. 
!
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mesoporous alumina prepared by Zhu et al.11 via surfactant-induced fiber formation (SIFF). We 

conclude similarly to Zhu et al., that the large pore volumes of this study can be attributed to 

intercrystallite voids created by randomly stacked alumina nanoslabs.! 

It is noteworthy that the bimodal distribution observed in this study for Al-Sbuto 

prepared using our simple one-pot procedure is similar to those prepared by a sophisticated ionic 

liquid synthesis,12 which distribution was attributed to a scaffold structure of alumina consisting 

of a wormlike motif with intercrystallite voids. The large differences in pore sizes calculated 

from different branches of isotherms for aluminas prepared from aluminum alkoxides also 

indicate the presence of pore slit constrictions. The lower pore width of the desorption loop is 

expected, since the desorption process is limited by constriction diameters.6 We postulate that 

given the absence of a surfactant additive in our synthesis, there could nevertheless be a self-

templating effect induced by the alcohol formed in the hydrolysis. Thus, in a solvent deficient 

environment provided by low H2O to Al molar ratio (5:1), these alcohols could act as surfactant 

or structure-directing agent, similar to that reported in the alumina synthesis using ionic liquids.12 

Alternatively, templating might occur via an alcohol-evaporation-induced self-assembly (EISA) 

mechanism.16  

Figure 4.5. Schematic illustration of the self-templating mechanism. The oxide groups of 
the alcohol adsorb to and cover the surface of the layered boehmite crystallite, while the 
alky chains extended away from the surface, thus acting as a surfactant. The boehmite 
crystallites tend to grow in two dimensions and thus form larger γ-alumina nanoplates. 
!
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It should be emphasized that the mesopore diameters of Al-Iprop and Al-Sbuto are much 

larger than the molecular size of alcohols evolved in the synthesis, which is contrary to the 

conventional view of template synthesis. As shown in Figure 4.5, we speculate in a manner 

similar to the SIFF process, the oxide groups of the alcohol adsorb to and cover the surface of the 

layered boehmite crystallite, while the alky chains extended away from the surface, thus acting 

as a surfactant. It is believed that hydrogen bonding between oxide groups and the boehmite 

surface would reduce the free energy of the crystallite with low dimensions. Therefore, the 

boehmite crystallites tend to grow in two dimensions and are condensed to larger γ-alumina 

crystallites of similar shape after elimination of H2O in the subsequent calcination. 

Table 4.2 Al2O3 samples obtained from aluminum salts calcined at 1100°C for 2h a 

 
Sample 

Surface area 
(m2/g)  

Pore volume 
(cm3/g)  

Pore Diameter b 
(nm)  

Al-N 9 0.07 - 

Al-Cl 10 0.05 - 

Al-Iprop 95 0.60 30 

Al-Sbuto 100 0.56 22 
a. Data are averages of several runs determined by N2 adsorption at 77 K 
b. Calculated based on desorption branch using a newly developed method involving slit geometry 

for the Kelvin equation and structural corrections for area and volume, while fitting the data to a 
log normal distribution function 

 

Another advantage of the alumina samples obtained from aluminum alkoxides using our 

synthetic approach is their good thermal stability. It is well known that high temperature induced 

sintering causes serious reduction of surface area and pore volume. However, as shown in Table 

4.2, the alumina samples prepared from aluminum alkoxides still exhibit surface areas of 

approximately 100 m2/g and a pore volume of about 0.6 cm3/g after calcining at 1100°C for two 

hours. These results are again comparable with the sample prepared using the SIFF mechanism.11 
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Figure 4.6 shows the morphology of alumina samples prepared by our method after calcination 

at 1100°C for 2h. It is clear that Al-N and Al-Cl sample sintered into large single crystals, 

indicating their transformation into thermally stable, low surface area and porosity alpha phase. 

This phase transition starts at a temperature about 50-100 degrees lower in the literature.17 This 

might due to the high Al-O-Al connectivity resulted from the spatially constrained, solvent-

deficient environment. On the other hand, Al-Iprop and Al-Sbuto samples still retained their 

plate-like shape, but those plates seem to pile together rather than into the random 3D stacking 

shown in Figure 3c and 3d, which contribute to the low sintering propensity due to the large  

porosity and low contact area between the nano-plates. Therefore, the loss of surface area and 

Figure 4.6. TEM images of γ-alumina sample after calcination at 1100°C for 2h. (a) 
Al-N, (b) Al-Cl, (c) Al-Iprop and (d) Al-Sbuto. 
!
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porosity is attributed to the collapse of scaffolding effects. The high resistance to sintering of Al-

Iprop and Al-Sbuto samples is of great potential when they are used as catalyst supports in high 

temperature applications. 

4.4 Conclusion 

With this simple one-pot, solvent deficient synthesis strategy, we have successfully 

synthesized mesoporous γ-aluminas in several hours with different morphologies depending on 

the aluminum salts used. Closely packed uniform nanoparticles were obtained from aluminum 

inorganic salts, showing small pore size (6 and 10 nm) and a narrow pore size distribution. 

Randomly stacked nanoplates were obtained using aluminum alkoxides, showing large pore sizes 

(approximately 18 nm), large pore volumes (1.7 cm3/g) and high resistance against sintering, 

which is comparable with aluminas prepared via SIFF or EISA mechanisms using triblock 

polymers or ionic liquids. Without any additional template or surfactant, our synthesis exhibits a 

self-templating effect and the alcohols formed in the hydrolysis reaction act as the structure 

directing agents. This time and cost effective approach not only contributes to the development 

of mesoporous alumina, but also offers an opportunity to control the pore structure and 

morphology. Furthermore, aluminas prepared by this method offer new possibilities for 

applications, such as automobile emission control, Fischer-Tropsch synthesis and oil-refining 

industry. 
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 Chapter 5 
 

Facile synthesis of mesoporous γ-alumina with tunable pore size: the 

effects of water to aluminum molar ratio in hydrolysis of aluminum 

alkoxides  

 

5.1 Introduction 

In Chapter 4, we reported a one-pot, facile solvent-deficient synthesis of MA without 

external SDAs.1 In that synthesis, high surface area aluminas with 4-18 nm pores were obtained 

by varying the aluminum salt, although the method used was not capable of tuning pore structure 

from a single precursor. In this chapter, we report a new method for tuning average pore size of 

mesoporous γ-aluminas, prepared by the controlled hydrolysis of aluminum alkoxides. Calcined 

mesoporous γ-aluminas with high surface areas and large pore volumes are obtained, while 

average pore size can be tuned from 4 to 18 nm by varying the water to aluminum molar ratio in 

a solvent-deficient hydrolysis reaction. This simple method of preparing MA support materials 

has potential for lowering catalyst cost and improving catalyst performance for many different 

catalytic applications.  
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5.2 Experimental Section 

5.2.1 Materials  

Aluminum sec-butoxide (Al(OCH(CH3)CH2CH3)3) was purchased from Alfa Aesar and 

used as received without purification. Aluminumoxid C Degussa (denote as DC) was purchased 

from Sigma-Aldrich and used as reference materials for the comparative adsorption study. 

Deionized water was used in all the synthesis.  

5.2.2 Supports Synthesis 

A typical synthesis involves formation of precursors followed by thermal treatment.2-4 

For the aluminum alkoxides, the starting materials were hydrolyzed at room temperature to 

obtain precursors by adding water with different water to aluminum molar ratios (H2O : Al = 2:1, 

3:1, 5:1, 7:1, 10:1, 15:1) while grinding. For instance, 24.158 g of aluminum sec-butoxide was 

mixed with 8.83 ml of distilled water (H2O : Al = 5:1) using a mortar and pestle for 15 minutes. 

The resultant white gel-like intermediate, or precursor, was subsequently thermally treated in a 

muffle furnace in air at 700 °C for 2 hours. A ramp rate of 2.33 °C/min was used to (1) avoid 

rapid dehydration and thus ensure uniform pore construction and (2) ensure uniform heat transfer 

to achieve better homogeneity and avoid rapid grain growth. 

The final samples were labeled, starting with a prefix of Al followed by the type of 

aluminum salts (SB, which refers to aluminum sec-butoxide), calcination temperature and the 

corresponding water to aluminum molar ratio. For example, Al-SB700-3H2O refers to the 

alumina sample prepared from aluminum sec-butoxide with a H2O to Al molar ratio of 3:1 

calcined at 700 °C for 2 hours in air. All the precursors are denoted without a calcination 

temperature. For instance, Al-SB-3H2O refers to the precursor obtained from aluminum sec-

butoxide with a H2O to Al molar ratio of 3:1 before calcination. 
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5.2.3 Characterization  

The structure of each sample was determined by powder X-ray diffraction (XRD) on a 

Panalytical X’Pert Pro X-ray diffractometer with Cu Kα radiation (λ=0.15418 nm) at a scanning 

rate of 0.02°s-1 in the 2θ ranges from 10° to 80°. A fixed power source was used (40 kV, 40 mA). 

All alumina precursors were dried at room temperature over night before the measurements. 

Crystallite sizes were estimated using the Scherrer formula for size-related peak broadening.  

The morphology of the samples was observed with a FEI Philips Tecnai F30 transmission 

electron microscope (TEM) operating at 300 kV or a FEI Philips Technai F20 Analytical STEM 

operating at 200 kV. Specimens were prepared by dispersing samples in ethanol, sonicating in a 

water bath for 1 hour and then placing a drop of the diluted solution on a carbon film supported 

by a 200 mesh Cu grid (Ted-Pella Inc.).  

Nitrogen adsorption analysis was carried out using a Micromeritics Tristar 3020 

apparatus at -196 °C. Samples were degassed at 200 °C with nitrogen flow over night prior to the 

measurements. Specific surface area (SA) was calculated by the Brunauner-Emmett-Teller 

(BET) method, using a P/P0 range between 0.05 and 0.2.5 Pore volume (PV) was calculated from 

the adsorption isotherm at the relative pressure of 0.990 and average pore diameter (APD) were 

determined by the SPG model using either the adsorption branch or desorption branch depending 

on the isotherm hysteresis type.6, 7 The adsorption branch was used for samples with a pore width 

lower than 10 nm, whereas desorption branch was used for those with a pore width above 10 nm. 

Pore size distribution (PSD) and mesopore volume were calculated from the adsorption and 

desorption data using a newly developed method involving slit pore geometry for the Kelvin 

equation and structural corrections for area and volume, while fitting the data to a log normal 

distribution function.7 
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Comparative adsorption method (CAM) or the αs method was also employed to 

determine the total surface area, external surface area, and mesopore volume.8 Since the 

aluminas in the present study were calcined at 700 °C, Degussa Aluminumoxid C was found 

suitable for the analysis of isotherms on porous γ-alumina because of its similar surface 

chemistry.9-11 

Thermo gravimetric and differential-temperature analyses (TG/DTA) were performed 

using a Netzsch STA 409PC instrument. For these experiments, roughly 30 mg of dried 

precursor material uncalcined was loaded onto a platinum pan and heated from room temperature 

to 700 °C under a 20 mL/min He gas flow with a temperature ramp of 3 °C/min. 

5.3 Results  

5.3.1 XRD patterns 

XRD patterns of as synthesized precursors and calcined alumina samples are shown in 

Figure 5.1. For as prepared precursors (Figure. 5.1a), characteristic peaks of boehmite (JCPDS 

card 04-013-2972) are shown. The six main peaks can be indexed to the (0 2 0), (1 2 0), (1 4 0), 

(0 5 1), (2 3 1), (2 5 1) reflections. With increased H2O/Al ratio (up to 7), XRD peaks become 

narrower, indicating increased crystallite size. However, as the ratio is further increased, bayerite 

(JCPDS card 00-001-0287) peaks appear, suggesting that the precursor is a mixture of boehmite 

and bayerite. After calcination at 700 °C for 2 hours, all the precursors are transformed into γ-

alumina. Characteristic peaks of γ-alumina (JCPDS card 00-029-0063) are observed. The seven 

peaks of gamma alumina can be indexed to the (1 1 1), (2 2 0), (3 1 1), (2 2 2), (4 0 0), (5 1 1), (4 

4 0) reflections.  
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5.3.2 TEM images  

Figure 5.2 shows the selected area electron diffraction (SAED) patterns of the precursor 

and calcined sample prepared with H2O/Al molar ratio of 5. Characteristic ring patterns for 

boehmite and γ-alumina are observed for both precursor and calcined samples, respectively, 

consistent with the crystallinity observed in the XRD results. 

The morphology of precursors prepared with different H2O/Al molar ratios are shown in 

the TEM micrographs (Figure 5.3). For boehmite samples prepared with H2O/Al = 2, aggregates 

of overlapping plates are observed. These plates have a length of 30-40 nm and a width of 20-30 

nm. At higher magnification, these plates actually consist of smaller platelets with a particle size 

of 3-5 nm (Figure 5.3a).  When the H2O/Al ratio is increased to 5, plates and what appear to be 

rod-like crystallites with a length of ca. 50 nm are observed (Figure 5.3b). However, a careful 

examination of the micrograph at higher magnification shows a scaffold structure made of plates 

(a) (b) 
Figure 5.1 X-ray Diffraction patterns of (a) as synthesized precursors and (b) calcined alumina 

samples. 
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with a length of ca. 50 nm, a width of ca. 30 nm, and edges of plates (not rods) perpendicular to 

the image plane of thickness of ca. 5-7 nm. When a large H2O/Al ratio is used (H2O/Al = 15), the 

obtained precursor shows a mixture of long fibers and thin sheets.  

Figure 5.2 Selected area electron diffraction patterns of (a) as synthesized precursors and (b) calcined 
alumina samples prepared with H2O/Al = 5. 

 

Figure 5.4 shows the different morphologies of calcined γ-alumina samples prepared 

from aluminum sec-butoxide with different H2O/Al molar ratios. For alumina obtained with an 

H2O/Al molar ratio of 2 (Figure 5.4a), closely packed agglomerates of small slab-like boehmite 

crystallites having lengths and widths around 5-8 nm are observed. With a slightly increased 

H2O/Al molar ratio (H2O/Al = 3, Figure 5.4b), a lath-like morphology appears. Most of the 

lathes have a length of 8-10 nm and a width of 3-5 nm. When the H2O/Al molar ratio is increased 

to 5 (Figure 5.4c), a rod-like morphology is suggested. Most of the “rods” have a length of ca. 

30-40 nm and a width of ca. 3-5 nm. However, at higher magnification, a scaffold structure is 

observed similar to that of the corresponding precursors consisting of plates with a length of ca. 

30-40 nm and edges of plates (not rods) perpendicular to the image plane of thickness of ca. 5-7 

nm. At an H2O/Al = 7 (Figure 5.4d), calcined γ-alumina samples are indeed rod-like with a 

[311] 

[400] 

[440] 
(b) [260]!

[131] 

(a) 
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length of 20-30 nm and a width of 3-5 nm. However, with further increased H2O/Al molar ratios 

(10 and 15, Figures 5.4e and 5.4f, respectively), the morphologies of the calcined samples 

resemble the ones observed from samples with small H2O/Al molar ratios, i.e., agglomerates of 

closely packed platelets. 

. 

 

(a) 

(b) 

(c) 

Figure 5.3. TEM images of boehmite precursors prepared with different H2O/Al ratios: (a) 
H2O/Al = 3; (b) H2O/Al = 5; (c) H2O/Al = 15. 
!
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5.3.3 N2 adsorption 

Figure 5.5 shows the nitrogen adsorption-desorption isotherms and pore size distributions 

of different calcined γ-alumina samples. Surface area, pore volume and pore size distributions of 

(a) 

(b) 

Figure 5.5 (a) N2 adsorption/desorption isotherms of calcined alumina samples prepared with different 
H2O/Al ratios; (b) Pore size distribution of calcined alumina samples prepared with different H2O/Al ratios 



!
106 

the calcined γ-alumina samples are listed in Table 5.1. All isotherms are Type IV (IUPAC 

designation),12 indicating the presence of mesopores. Hysteresis loops of all samples are 

apparently a composite of H1 and H3, indicating that they have slit-shape pores or plate-like 

particles.6 The differences in H2O/Al molar ratios induce significant changes in the textural 

characteristics of alumina. With a small increase in the H2O/Al molar ratio (from 2 to 3), the 

hysteresis loops are shifted to higher P/Po indicating that capillary condensation occurs in larger 

mesopores and adsorption capacity increases markedly from 300 cm3/g to 800 cm3/g. As a result, 

the pore volume increases from 0.43 to 1.16 cm3/g, and surface area increases from 281 to 316 

m2/g. Even more significant changes are observed by further increasing the H2O/Al molar ratio 

to 5, the adsorption capacity reaches approximately 1100 cm3/g and the pore volume is almost 

quintupled (1.63 cm3/g). Above the limit of H2O/Al = 5, water showed a detrimental effect on 

the adsorption capacity and pore volume. Pore volume shrinks from 1.63 cm3/g (H2O/Al = 5) to 

1.54 cm3/g at a H2O/Al of 7, and further decreases to 1.05 and 0.53 cm3/g for H2O/Al = 10 and 

15 respectively. Remarkable differences in pore size are also induced by the differences in 

H2O/Al ratios. The mean pore width expands from 4 nm (H2O/Al = 2) to 14 nm (H2O/Al = 3) 

and reaches the maximum at 18 nm (H2O/Al = 5). However, with further increased H2O/Al 

molar ratios, average pore width of the calcined samples decreases.  

5.3.4 Comparative adsorption method (CAM)  

Figure 5.6 shows the comparative adsorption study (αs plots) for the calcined alumina 

samples. For all samples, the low-pressure part of these plots exhibits excellent linearity starting 

from the lowest adsorption uptakes, and can be back extrapolated to the origin, indicating the 

absence of detectable micropores. The subsequent steep increase is due to the capillary 

condensation of nitrogen in mesopores. The onset of the steep increase for samples prepared with 
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H2O/Al = 2 is approximately 0.9, indicating the presence of relatively small mesopores. With 

increased H2O/Al ratios, the onset values for capillary condensation become larger, suggesting 

capillary condensation occurs in larger mesopores. At the high-pressure end of the plot, all the 

plots reach a plateau, indicating a small fraction of large mesopores (30-50 nm) or macropores (> 

50 nm).  

The slope of the linear part of the comparative plot also gives information about the 

mesoporous area and pore volume of calcined alumina samples. As listed in Table 5.1, the total 

surface area Stot and BET surface area SBET are in excellent agreement, which further confirms 

the absence of detectable micropores in all studied samples. Moreover, the mesopore volume and 

single-point pore volume are in very good agreements, confirming the validity of the CA 

analysis.  

Figure 5.6 αs plots of calcined alumina samples prepared with different H2O/Al ratios. 

!
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5.3.5 Thermal analysis 

Figure 5.7 shows the TGA-DTA profiles for as prepared alumina precursors. Their mass 

losses in different temperature ranges are listed in Table 5.2.  For all as-prepared precursors, a 

major mass loss between 25 and 100 °C is observed, which can be assigned to the evaporation of 

sec-butanol and physically adsorbed water, as indicated by the first endothermic peak in the 

DTA curve. The subsequent weight loss between 100 and 300 °C is attribute to the removal of 

interlayer or surface water molecules during the dehydration in boehmite to γ-alumina transition, 

as suggested by the second endothermic peak around 270 °C. The final weight loss from 300 to 

700 °C is due to the removal of surface hydroxyl group of γ-alumina consistent with previous 

work.13 

Table 5.2 TG weight loss (%) of as made precursors in different temperature ranges 

Sample 
ΔW1 ΔW2 ΔW3 

(20-100 °C) (100-300 °C) (300-700 °C) 

Al-SB700-2H2O 55.82 12.57 1.31 

Al-SB700-5H2O 62.30 7.91 1.04 

Al-SB700-10H2O 76.78 3.58 1.30 

Al-SB700-15H2O 78.92 2.16 1.19 

 

5.4 Discussion 

The controlled, solvent-deficient hydrolysis of alkoxides discussed in an earlier paper1 

and used in this study as a function of H2O/Al molar ratio has been demonstrated to be a facile, 

template-free route for the preparation of MAs of high surface area, large pore volume, and 

tunable pore size in the range of 4-18 nm.  While aluminas of similar properties have been 
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previously reported, their preparation required use of SDAs. 14-16 The results of this study 

provide new insights into the chemistry of formation of porous aluminas from hydrolysis of 

aluminum alkoxides and the effects of H2O/Al ratio on pore structure of high surface area MAs.   

5.4.1 Effects of H2O/Al ratios on precursor morphology 

It has been reported that the morphology of the primary crystallites and aggregates of 

boehmite strongly depends on the pH,17-19 since acidity and ionic strength govern the 

protonation-deprotonation of the surface oxygen atoms and thus determine the electrostatic 

surface charge density. However, since the synthesis method in the present study involves only 

water and alcohols, all pH values measured in the preparation of the 6 samples are approximately 

7. In addition, given that no external SDA is used, we postulate that the relative concentrations of 

water and alcohol from the hydrolysis reaction is the key factor controlling morphology of the 

boehmite precursors and, as will be shown later, that of the calcined γ-alumina samples.  

When a solution of aluminum alkoxide in alcohol, benzene or other organic solvent is 

mixed with water, one of two hydrolysis reactions may occur depending upon the H2O/Al ratio: 

         Al(OR)3 + 2H2O = AlOOH (boehmite) + 3ROH                                   (5.1) 

         Al(OR)3 + 3H2O = Al(OH)3 (bayerite) + 3ROH                                    (5.2) 

The results of this work show that at H2O/Al ratios below 10, aluminum oxy-hydroxide 

(boehmite) formed via Reaction 1 is the only product. At higher H2O/Al ratios, the aluminum 

hydroxide (bayerite) phase is observed to form by Reaction 2 to a small extent (See Figure 5.1).  

This chemistry is consistent with that reported in previous literature.20, 21 
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It is well known that in a dilute, acidic solution of aluminum salts, the prevailing ionic 

species is [Al(H2O)6]3+. Due to possible polarization of the water molecules by the Al ion,22 

deprotonation can occur as follows: 

                     Al(H2O)6
3+ 

   2Al(OH)(H2O)5
2+ + H+                                       (5.3) 

And the resultant complex will dimerize by condensation 

               2Al(OH)(H2O)5
2+

   Al(OH)2(H2O)8
4+ + 2H2O                               (5.4)                 

As illustrated in Figure 5.8, further condensation/polymerization can proceed in one of 

two ways: (1) forming chains by linking octahedra through common edges or (2) forming 

hexagonal rings which further coalesce to large polynuclear complexes, depending on the 

chemical environment and temperature. According to Baker et al.,23 “fast” polymerization 

resulting from high concentration of the hydroxyl intermediate leads to chain-like agglomeration 

whereas “slow” polymerization due to low hydroxide concentration or aging results in sheet-like 

aggregation.  

Figure 5.8 Polymerization of boehmite crystallite. (a) Al(H2O)6
3+, (b) 2Al(OH)(H2O)5

2+ , (c) 
chain-like boehmite polynuclear complex (d) plate-like boehmite polynuclear complex 
!
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In the present study, the different morphologies of the precursor prepared with varied 

water to aluminum ratio can be explained by the difference in the hydrolysis and polymerization 

rate induced by the different water contents. When the water content is low (H2O/Al = 2), the 

hydrolysis and polymerization proceed relatively slow and therefore small plate-like crystallites 

are observed by TEM. Formation of small particles is likely a consequence of inhibited 

crystallization due to hydrogen bonding between alcohols produced during hydrolysis and the 

positively charged polynuclear complex. This inhibition was observed in previous studies21, 24 

and is consistent with our observation of a largely amorphous XRD pattern. Due to the solvent 

deficient environment, its low viscosity, the presence of unreacted alkoxide, cross-linking or 

end-to-end connection of platelets via residual alkoxide groups is favored.25 In the cross-linked 

structure consisting of small boehmite platelets, small, irregular pores are observed (Figure. 

5.3a); this morphology is sometimes referred to as “wormhole” boehmite. Following calcination 

and decomposition of the alkoxide groups these small platelets stack closely on and next to each 

other (Figure 5.4a).  

With a small increase of water content from H2O/Al of 2 to 5, since alcohol molecules 

are diluted by the excess water, there is less inhibition and polymerization of boehmite proceeds 

more rapidly, producing larger boehmite plates as observed by TEM (Figure 5.3b). According to 

the DFT study by Raybaud et al.,26 the slab-like structure and distribution of different surface 

planes in boehmite is largely due to surface energy forces. Thus, in the agglomeration of primary 

boehmite crystallites, bonds are most likely to occur between surface planes of highest energy. 

The surface energy of the (010) basal plane in boehmite is the lowest of relevant surface planes 

as shown in Figure 5.9, whereas the (101) faceted plane has the highest surface energy. Thus the 

high-energy (101) plane adsorbs solvent molecules or bonds to other high-energy surfaces to 
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reduce its surface energy. As a consequence of its low surface energy and the preferential 

bonding of the faceted planes, the total surface area of the basal (010) plane is preferentially 

expanded. This is confirmed by the increased intensity of the (020) reflection centered at 2θ = 

15° (Figure 5.1a) because the (010) boehmite surface has the lowest surface energy and tends to 

expand. In addition, the enriched water/alcohol environment enhances the mobility of the 

aggregates. During the early stage of the calcination, the evaporation of alcohol and loosely 

physical adsorbed water molecules induces the disordered 3-D stacking (Figure 5.3b), similar to 

the materials obtained via an evaporation-induced self-assembly mechanism.27, 28  

 

With further increased water content (H2O/Al = 15), the hydrolysis and the 

polymerization proceed relatively rapidly, therefore long fibrillar boehmite is observed (Figure 

5.3c), as well as a small fraction of thin sheet-like bayerite (via Reaction 5.2 due to excess of 

water).  The observation by TEM of a boehmite-bayerite mixture is consistent with the XRD 

results.  

(010)%

(100)%
(101)%

(001)%

(110)%

(100)%
(111)%

(110)%

(a) (b) 
Figure 5.9 Schematic representation of a (a) boehmite nanoparticle exhibiting 
usual experimentally observed crystalline surfaces and (b) resulting γ-alumina 

!
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Comparison of the TEM micrographs between precursors (Figure 5.3) and their 

corresponding calcined alumina samples (Figure 5.4) shows that the morphology of the former is 

preserved after calcination, consistent with the general conclusion that the transformation from 

boehmite to γ-alumina is topotactic.13, 21, 26, 29 For the calcined alumina sample prepared at 

H2O/Al =2 (Figure 5.4a), aggregates consisting of platelets with a particle size of ca. 5-7 nm are 

observed, consistent with the particle size determined by the XRD results and those of a previous 

study.30 The morphology of the calcined sample is very similar to that of its precursor, although 

the edge of calcined sample is more clearly defined (comparing Figures 5.3a and 5.4a) due to 

better crystallinity after calcination. When the H2O/Al ratio is increased to 5, both the precursor 

and the calcined sample exhibit almost the same morphology (Figures 5.3b and 5.4c). The basal 

planes, each with a length of ca. 30 nm and a width of ca. 20 nm are evident, which correspond 

to the (110) plane of γ-alumina apparently the same as the (010) basal plane of boehmite 

precursor, each structure having its own indexing29, 31 as illustrated in Figure 5.9. What appear to 

be dark “fibers” with a thickness of 5-8 nm are actually (100) or (111) lateral edges of γ-alumina 

that are converted from (100) and (101) planes of the boehmite precursor, respectively.17 This 

observation is similar to that for alumina prepared by introducing large molecular weight 

polymer molecules.16, 32, 33 At a large H2O/Al ratios (e.g. H2O/Al = 15) the precursor is a 

composite of fiber-like boehmite and sheet like bayerite at lower magnification (Figure 5.3c). 

However, after calcination, closely packed platelets are observed in the TEM micrographs for the 

corresponding samples (Figure 5.4f).  This transformation is due to the removal of interlayer or 

surface water during early calcination and of hydroxyl groups at elevated temperatures. 

Thermal analysis also provides insights into the formation of boehmite with different 

morphologies. It is interesting that the intensity of the second peak in the DTA curve, as well as 
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the corresponding weight loss at intermediate temperatures due to the removal of the relatively 

strongly bonded interlayer or surface water, decreases with increased water content during 

hydrolysis. This behavior may be due to lower water content at the terminus of chains or on the 

surfaces of highly polymerized boehmite crystallites consistent with the observation by Baker et 

al.23  The TGA results are consistent with the increased crystallite size observed in the TEM 

images of boehmite precursors prepared with increasing H2O/Al ratios (Figure 5.3).  

It is worth noting that the sample prepared with H2O/Al = 5 showed the lowest weight 

loss at high temperatures (Table 5.2), which is explained by the low contact area resulted from its 

3-D stacking morphology; low contact area is associated with the high thermal stability in 

previously reported studies.1, 16 

5.4.2 Effects of H2O/Al ratios on alumina pore structure.  

Given the different morphologies of calcined γ-alumina samples, it follows that different 

pore structures are to be expected. The results of this work show that is indeed the case. As 

shown in the N2 adsorption results (Figure 5.5 and Table 5.1), significant changes in pore volume 

and pore size distribution are induced by variations in H2O/Al ratio during preparation. For 

calcined samples prepared with low water content, (H2O/Al = 2 and 3), the small pore volume 

and average pore width are consistent with their corresponding small particle size and close-

packed morphology (Figures 5.4a and 5.4b). As particles size increases with increasing H2O/Al 

ratio  (H2O/Al = 5 and 7), small pores resulting from the spaces between the closely packed 

crystallites are replaced by larger voids created by the random stacking of nano-plates (Figures 

5.4c and 5.4d), leading to larger pore volume and larger average pore width. The shift in the pore 

size distribution to larger size with increasing H2O/Al ratio  (Figure 5.5b) further confirms this 

observation. However with further increased water content (H2O/Al ratio > 10) pore volume and 
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average pore width of the corresponding calcined samples decrease as a result of decreasing 

crystallite size and tighter agglomeration (Figures 5.4e and 5.4f).  

As shown in the αs plot (Figure 5.6), for all samples the low-pressure part of these plots 

exhibits excellent linearity starting from the lowest adsorption uptakes, and can be back 

extrapolated to the origin, indicating the absence of detectable micropores. This observation is 

largely consistent with the very small fractions in the micropore range observed in the PSD plot 

(Figure 5.5b). In addition, the span between the two linear regions at both low- and high-pressure 

ends of the αs plots also provides information about the pore size distribution. For samples 

prepared with H2O/Al = 2, the span is approximately from 0.9 to 1.4, whereas the corresponding 

range for samples prepared with H2O/Al = 3 is from approximately 1.0 to 3.0. As a result, the 

width of the pore size distribution of the latter is broader, i.e., 1.3 vs 1.4, respectively (Table 5.1 

and Figure 5.5b). Similarly, above the limit of H2O/Al = 5, spans between the two linear regions 

in αs plots of samples prepared with higher H2O/Al ratios become narrower, confirming narrower 

pore size distributions obtained from N2 adsorption. In addition, it is worth noting that the 

external surface areas of samples with pore widths above 10 nm are relatively large (> 50 m2/g), 

this is explained by their relatively large crystallite size and their stacking patterns observed in 

the TEM. In principle, large, randomly stacked alumina nanoplates tend to create larger voids 

and therefore are more likely to possess surface outside the pores, whereas closely packed 

aggregates of small alumina crystallite tend to produce small pores and therefore possess a 

higher of fraction of mesoporous surface relative to external surface.  

5.5 Conclusion 

In summary, we have successfully synthesized MA catalysts supports with controlled 

pore properties by varying the H2O/Al molar ratios in the hydrolysis of aluminum alkoxides. 
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This time- and cost-effective approach not only contributes to the development of MA, but also 

offers an opportunity to control the pore structure and morphology without addition of structure 

directing agents. 

The results in this study provide some insights into the mechanism of the nanostructure 

formation as follows: 

(1) The compositions of water used in the hydrolysis and the resultant alcohol are keys to 

controlling morphologies of the boehmite precursor and corresponding calcined γ-alumina. The 

former determines the rate of the hydrolysis while the latter adsorbs to surface planes of the 

boehmite crystallite to reduce surface energies and inhibit the polymerization of the primary 

crystallites.  

(2) The formation of the 3-D scaffolding structure is likely due to the evaporation 

induced self-assembly (ELSA) during the early stage of a controlled thermal treatment involving 

drying and calcination in air. 

In terms of applications, alumina catalyst supports synthesized by this simple, new 

method have relatively high surface area (240~320 m2/g), large pore volume (up to 1.6 cm3/g) 

and tunable pore size (4-18 nm). Thus, these easily prepared materials with improved properties 

offer promise for improvements in a numbers of applications, including automobile emission 

control, Fischer–Tropsch synthesis and oil-refining industry. 
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Chapter 6 

 

Facile structure-controlled synthesis of mesoporous γ-alumina: 

effects of alcohols in precursor formation and calcination 

6.1 Introduction 

In the previous two chapters, we reported a facile, solvent-deficient synthesis of 

mesoporous alumina without external SDAs, surfactants or templates.1, 2 High surface area 

aluminas having 4-18 nm pore widths were obtained by varying the aluminum source or the 

water content in the hydrolysis of aluminum alkoxides. In this chapter, we have adapted this 

method to the synthesis of mesoporous γ-alumina, in which aluminum oxyhydroxide and/or 

aluminum hydroxide precursors from a controlled hydrolysis of aluminum isopropoxide are 

rinsed and gelled with low molecular weight monohydric alcohols. Following gelation and 

calcination of the precursors, mesoporous γ-aluminas with high surface areas and large pore 

volumes are obtained. Pore width can be tuned from 4 to 37 nm by changing the alcohol type 

during the gelation. The relatively simple preparation of these unique support materials has the 

potential of lowering catalyst cost and improving catalyst performance for many different 

catalytic applications. In addition, this chapter also contributes to a basic understanding of 

solvent/nanoparticle interactions and how they influence textural characteristics of mesoporous 

materials. This fundamental knowledge could be exploited in the design of tailored support 

materials.  
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6.2 Experimental Section 

6.2.1 Materials  

Aluminum iso-propoxide (Al(OCH(CH3)CH3)3), ethanol, iso-propanol, sec-butanol, and 

n-hexanol were purchased from Alfa Aesar and used as received. Aluminumoxid C Degussa 

(denote as DC) was purchased from Sigma-Aldrich and used as reference materials for a 

comparative adsorption study.  

6.2.2 Support Synthesis 

A typical synthesis involves formation of precursors followed by thermal treatment.1-3 

Aluminum iso-propxoide was hydrolyzed at a water to aluminum molar ratio of 5 to 1 while 

grinding in a mortar and pestle; the resulting intermediate was rinsed with different low 

molecular weight alcohols (i.e. ethanol, iso-propanol, sec-butanol and n-hexanol, respectively) in 

a medium mesh filter under house vacuum. After 16 hours of aging, the obtained precursors were 

subsequently thermally treated in a muffle furnace in air at 700 °C for 2 hours. For example, 

20.031 g of aluminum iso-propoxide was mixed with 8.83 ml of distilled water (H2O : Al = 5:1) 

using a mortar and pestle for 20 minutes. The resulting white intermediate was placed in a filter 

and rinsed with 200 ml of ethanol under house vacuum with vigorous stirring. After 20 minutes, 

a two-phase system is observed: a gel-like mixture was formed in the bottom of filter and a layer 

of lighter alcohols was formed in the top. This mixture was left to age for 16 hours. The obtained 

precursor was then calcined in a muffle furnace in air at 700 °C for 2 hours. A ramp rate of 2.33 

°C/min was used to (1) avoid rapid dehydration to ensure uniform pore construction and (2) 

ensure uniform heat transfer to achieve better homogeneity and avoid rapid grain growth. 

The final samples were labeled, starting with a prefix of Al followed by the type of 

alcohol used. For example, Al-EtOH refers to an alumina sample prepared from aluminum iso-
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propoxide treated with ethanol and calcined at 700°C for 2 hours in air. All the precursors before 

calcination are denoted with a suffix “pre”, e.g., Al-Iprop-pre refers to the precursor treated with 

iso-propanol before calcination.  

6.2.3 Characterization  

The structure of each sample was determined by powder X-ray diffraction (XRD) on a 

Panalytical X’Pert Pro X-ray diffractometer with Cu Kα radiation (λ=0.15418 nm) at a scanning 

rate of 0.02 °s-1 in the 2θ ranges from 10° to 80°. A fixed power source was used (40 kV, 40 

mA). All alumina precursors were dried at room temperature over night before the 

measurements. Crystallite sizes were estimated using the Scherrer formula for size-related peak 

broadening.  

The morphology of the samples was observed with a FEI Philips Technai F30 

transmission electron microscope (TEM) operating at 300 kV or a FEI Philips Technai F20 

Analytical STEM operating at 200 kV. Specimens were prepared by dispersing samples in 

ethanol, sonicating in a water bath for 1 hour and then placing a drop of the diluted solution on a 

carbon film supported by a 200 mesh Cu grid (Ted-Pella Inc.). A rough particle size distribution 

is obtained by measuring the length and width of 150 primary particles. The average particle size 

are calculated by the equation4: 

                                           Daverage =
ni (Dmeasured ,i )

3∑
ni (Dmeasured ,i )

2∑                                       (6.1) 

Nitrogen adsorption analysis was carried out using a Micromeritics Tristar 3020 

apparatus at -196 °C. Samples were degassed at 200 °C with nitrogen flow over night prior to the 

measurements. Specific surface area (SA) was calculated by the Brunauer-Emmett-Teller (BET) 

method, using a P/P0 range between 0.05 and 0.2.5 Pore volume (PV) was calculated from the 
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adsorption isotherm at the relative pressure of 0.99 and mean Pore size distribution (MPD) were 

determined using a newly developed method involving slit pore geometry (SPG) for the Kelvin 

equation and structural corrections for area and volume, while fitting the data to a log normal 

distribution function.6 The adsorption branch was used for samples with a pore width lower than 

10 nm, whereas the desorption branch was used for those with a pore width above 10 nm.  

Comparative adsorption analysis, the αs method, is also employed to obtain the total 

surface area, external surface area, and mesopore volume.7 Since the aluminas in the present 

study are calcined at 700 °C, Degussa Aluminumoxid C has been found suitable for the analysis 

of isotherms on porous γ-alumina because of its similar surface chemistry.8-10 

Thermogravimetric and differential-temperature analyses (TG/DTA) were performed 

using a Netzsch STA 409PC instrument. For these experiments, roughly 30 mg of uncalcined 

precursor material was loaded onto a platinum pan and heated from room temperature to 700 °C 

under a 20 mL/min Helium gas flow with a temperature ramp of 3 °C/min. 

6.3 Results and discussion 

6.3.1 Preparation and characterization of boehmite/bayerite precursor and γ-alumina 

phases 

XRD patterns of as synthesized precursors and calcined alumina samples are shown in 

Figure 6.1. For as prepared precursors (Figure 6.1a), characteristic peaks of boehmite (JCPDS 

card 04-013-2972) are observed except for the one rinsed with n-hexanol. The four main peaks 

of boehmite are indexed to the (1 2 0), (1 4 0), (0 5 1), (2 5 1) reflections. For the precursor 

treated with n-hexanol, peaks of bayerite (JCPDS card 00-001-0287) are observed. After 

calcination at 700 °C for 2 hours, all precursors are transformed into γ-alumina. Characteristic 

peaks of γ-alumina (JCPDS card 00-029-0063) are observed (Figure 6.1b). However, the  



!
124 

Figure 6.1 X-ray Diffraction patterns of (a) as synthesized precursors and (b) calcined alumina samples.  

 

observed peaks are very broad, which can be attributed to a disordered arrangement of very small 

crystallites making up the pores. Indeed, the calculated average particle sizes for the platelet 

thickness based on the Scherrer formula are approximately 4-6 nm for the precursors and 3-5 nm 

for the calcined γ-alumina samples (Table 6.1). Both precursor and calcined particles in the 

present study are smaller than the those of aluminas prepared from a controlled, solvent-deficient 

hydrolysis of aluminum  alkoxides in our previous study,2 in which stoichiometric amount of 

alcohol produced during the hydrolysis reaction was reported to inhibit the polymerization of 

primary boehmite precursors via hydrogen bonding with boehmite surface. Since in the present 

study, primary boehmite crystallites are rinsed and gelled with a large excess of alcohol, a more 

significant inhibition effect is expected and observed. Therefore, the decreased particle size 

observed in this study can be explained by the alcohol-rich environment during rinsing and 

gelation, consistent with the general conclusion from earlier studies 11-14 that alcohol molecules 

act as crystallization inhibitors as described in Section 6.3.3.  
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Table 6.1 TG weight loss (%) during calcination of precursors  

Sample ΔWtotal 
a ΔWtheo 

b ΔWalcohol 
d 

Al-EtOH-pre 41.5 15.0 b 26.5 

Al-Iprop-pre 38.9 15.0 b 23.9 

Al-Sbuto-pre 38.3 15.0 b 23.3 

Al-Nhex-pre 50.7 34.6 c 16.1 

a. Experimental total weight loss at 700 °C 
b. Theoretical value of weight loss according to dehydration of boehmite: 2AlOOH(s) = Al2O3 (s) + 

H2O (g)  
c.  Theoretical value of weight loss according to dehydration of bayerite 2Al(OH)3 = Al2O3 (s) + 

3H2O (g) 
d. Weight loss due to the removal of alcohol calculated by subtracting stoichiometric weight loss of 

water from experimental total weight loss at 700 °C 
 

TGA–DTA profiles for alumina precursors provide insights into the phase transition from 

boehmite or bayerite to gamma-alumina. Figure 6.2 shows the TGA-DTA profiles for as 

prepared alumina precursors. For precursors rinsed and gelled with ethanol, iso-propanol and 

sec-butanol, a major weight loss peak occurs during the subsequent calcination due to the 

evaporation of alcohols and physically adsorbed water in the temperature range from 25 °C to ca. 

150 °C. That this weight loss is due to evaporation of weakly held alcohol and water molecules 

is confirmed by the endothermic peak in the DTA curve in the same temperature range. The 

subsequent gradual weight loss and linearly increasing DTA signal from 150 °C to 350 °C can be 

attribute to the removal of chemically adsorbed water and alcohol molecules. This trend in a 

gradual weight loss at higher temperatures is consistent with observed behaviors of boehmite 

precursors during thermal treatments in previous studies.15, 16 For the Al-Nhex sample of this 

study, an additional weight loss peak is observed from 200 to 350 °C, which can be assigned to  
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the dehydration from bayerite to boehmite,17 consistent with the XRD observation of bayerite in 

the corresponding precursor (Figure 6.1a).  

It should be emphasized that the total weight loss for all four samples (Table 6.1) are 

much larger than theoretical values for the corresponding dehydration reactions, indicating that 

significant amounts of alcohol molecules are physically and/or chemically adsorbed on the 

surface of the precusors and subsequently desorbed at high temperatures. It should also be noted 

that the calculated amount of adsorbed alcohols decreases with increasing carbon chain length, 

which can be explained by the tendency toward decreasing hydrogen bonding of larger alcohols.  

Table 6.2 Structural parameters of different g-Al2O3 samples calcined at 700 °C in air for 2 h 

Sample 
SBET 

a Stot 
b Vsp 

c XSPG 
d σ d 

Plate 
thickness 

(precursor) e 

Plate 
thickness 
(alumina) 

e 
(m2/g) (m2/g) (cm3/g) (nm)  (nm) (nm) 

Al-EtOH 260 257 0.89 7.2 1.15 6.5 5.5 

Al-Iprop 213 211 1.43 23.5 1.43 6.1 5.1 

Al-Sbuto 185 183 1.18 32.7 1.77 5.7 4.1 

Al-Nhex 208 207 0.85 6.1 & 37.0 1.82 3.5 2.9 
a. BET surface area determined by N2 adsorption at 77 K, calculated by BET equation using P/P0 

ranges form 0.01-0.20 
b. Total surface area determined from αs method  
c. Pore volume obtained from single point method at P/P0 = 0.99 
d. Mean pore width and standard deviation obtained from SPG model using the desorption branch  
e. Plate thickness determined using Scherrer formula from XRD results 

 

6.3.2 Effect of alcohols on pore structures of γ-alumina  

Figure 6.3 shows the nitrogen adsorption-desorption isotherms and pore size distributions 

of calcined γ-alumina samples. Their surface areas, pore volumes and pore size distributions are 

listed in Table 6.2. It is evident that by varying the alcohols used in the rinsing and gelation of 

boehmite/bayerite precursors from the controlled hydrolysis of aluminum alkoxides, alumina   
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Figure 6.3 N2 adsorption/desorption isotherms and corresponding pore size distributions of calcined 
alumina samples rinsed and gelled with different alcohols: (a) Al-EtOH; (b) Al-Iprop; (c) Al-Sbuto; (d) 
Al-Nhex. 

(a) 

(b) 

(c) 

(d) 
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catalyst supports with relatively high surface area (up to 260 m2/g), large pore volume (up to 1.4 

cm3/g) and tunable pore size (7-37 nm) are prepared. It is also worth noting that average pore 

width increases with increasing chain length of the alcohol used in the rinsing and gelation. 

For all four samples, isotherms are Type IV (IUPAC designation), confirming the 

presence of mesopores. For Al-EtOH (Figure 6.3a), a H3 type of hysteresis loop is observed, 

indicating the presence of slit-like pores. The average pore width is ca. 7 nm and a narrow pore 

size distribution is observed in the PSD plot. For Al-Iprop and Al-Sbuto (Figure 6.3b and 6.3c), 

hysteresis loops are apparently a composite of H1 and H3, indicating that they have slit-shape 

pores formed by uniformly distributed plate-like particles. It is worth noting that the N2 uptakes 

for these two samples are approximately 900 cm3/g STP, indicating very large pore volumes.5 

Accordingly, the calculated pore volumes of 1.32 and 1.52 cm3/g for Al-Iprop and Al-Sbuto, are 

unusually large for γ-alumina. In addition, the hysteresis loops are shifted to higher P/P0, 

indicating that capillary condensation occurs in larger mesopores. Indeed, the calculated mean 

pore widths are 23.5 and 32.7 nm, respectively. For Al-nHex (Figure 6.3d), the adsorption and 

desorption isotherms can be attribute to a mixed types of H2 and H1, occurring at middle- and 

near-saturation pressure stages, respectively. As a result, a bi-model pore size distribution is 

observed in the corresponding PSD plot and the calculated average pore widths are 6.1 and 37 

nm. It should be stressed that for all four samples, pore size is much larger than the size of 

alcohols used in the present study, and pore size distributions are much broader than those would 

be anticipated for mesostructures formed through a super molecular pathway in which the pore 

size is determined by the size of the surfactant.18 Indeed, pore sizes and pore size distributions of 

aluminas in this study are consistent with a particle assembly mechanism in which the role of the 

alcohol is primarily to mediate the size and intergrowth of the boehmite particles through 
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hydrogen bonding and interspacing, similar to the functions of amine or Brij 56 surfactants 

reported in previous studies.19-22 

Comparative adsorption analysis provides further insights into the pore structures of our 

mesoporous aluminas. As shown in Figure 6.4, for all samples, the low-pressure part of these 

plots exhibits excellent linearity starting from the lowest adsorbed amounts, and can be back 

extrapolated to the origin, indicating the absence of detectable micropores, which is confirmed 

by the excellent agreement between the total surface area (Stot) calculated from the slope of the 

linear part and BET surface area (SBET) from N2 adsorption (Table 6.2). The subsequent steep 

increase in nitrogen uptake for each plot is due to capillary condensation of nitrogen in 

mesopores. For the Al-EtOH sample, the onset of the jump is approximately 1.0, indicating the 

presence of relatively small mesopores. For Al-Iprop, the onset values for capillary condensation 

are shifted to approximately 1.2, suggesting capillary condensation occurs in larger mesopores. 

At higher αs values, a plateau is observed for both Al-EtOH and Al-Iprop samples, indicating the 

absence of very large mesopores (30-50 nm), consistent with the BET results. For the Al-Sbuto 

sample, the steep increase observed in the αs plot starts at approximately 1.5. However, the 

aforementioned plateau in the high αs range is not observed in the high-pressure part of the plot, 

indicating that capillary condensation occurs in a wide range of large mesopores, which is 

consistent with the broad pore size distribution observed in the PSD plot. For the Al-Nhex 

sample, two increases are observed starting from approximately 0.9 and 2.5, respectively, 

indicating that capillary condensation occurs in two pore size ranges, which is in agreement with 

the PSD plot.  
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Figure 6.4. αs plots of calcined alumina samples rinsed and gelled with different alcohols: (a) Al-EtOH; 
(b) Al-Iprop; (c) Al-Sbuto; (d) Al-Nhex. 

6.3.3 Effects of alcohol structure on precursor and γ-alumina morphology.  

The morphology of the precursors (pre) rinsed and gelled with different alcohols is 

shown in TEM micrographs (Figure 6.5). For all four precursors, plate-like primary crystallites 

with a length of 10-20 nm and a width of 5-15 nm are observed, consistent with the slab-like 

boehmite/bayerite primary crystallites reported in previous studies.23-25 In addition, the sizes of 

the precursors rinsed and gelled with alcohols are smaller than those precursors without rinsing 

before calcination in our earlier study.2  This reduction in precursor size is probably due to 

inhibition of the polymerization of primary crystallites, an effect similar to the that observed for   

(a) (b) 

(c) (d) 
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Figure 6.5 TEM images and particle size distribution of precursors rinsed and gelled with different 
alcohols: (a) Al-EtOH-pre; (b) Al-Iprop-pre; (c) Al-Sbuto-pre; (d) Al-Nhex-pre. 
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incorporation of polyols26 and amine surfactants19 in the preparation of nano-size aluminas.  For 

Al-EtOH-pre rinsed and gelled with ethanol (Figure 6.5a), aggregates of tens to hundreds of 

nanometers in diameter are observed; at higher magnification, it is apparent that these aggregates 

are made of closely packed primary plates. For Al-Iprop-pre (Figure 6.5b), boehmite plates are 

loosely piled and form a more open structure. For Al-Sbuto-pre (Figure 6.5c), plates and fibers 

are observed; at higher magnification a scaffold structure is observed, consisting of plates with a 

length of 10-25 nm, a width of ca. 5-20 nm, and edges of plates (not fibers) perpendicular to the 

image plane of thickness of ca. 5 nm. For precursors rinsed and gelled with n-hexanol (Figure 

6.5d), a loosely stacked open structure similar to Al-Iprop-pre is evident; however at higher 

magnification, plates of Al-Nhex-pre appear to be more connected, forming a network in which 

relatively large pores (30-50 nm) are observed.  

It has been reported that boehmite and bayerite are layered structures linked through 

hydrogen bonding between surface hydroxyls.27 When they are rinsed and gelled with 

surfactants, e.g. alcohols and amines, surfactant molecules are likely to interact with surface 

hydroxyls via hydrogen bonding and limit the bonding of the primary particles. Furthermore, the 

different stacking patterns of the nanoplates from different precursors, evident in the TEM 

micrographs of the precursors (Figure 6.5), are likely due to the stereo effect caused by the size 

of the alcohol molecules.  Alcohol molecules with longer chain length may break or partially 

break the hydrogen bonds that hold the layers of the boehmite/bayerite crystallites and enhance 

their mobility and separation, rather than altering their intrinsic structure. During rinsing and 

gelation, these alcohol-bonded nanoplates are likely to self-orientate along certain directions, 

under the influence of alcohol evaporation, to reduce the overall energy of the system. 
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Figure 6.6 TEM images and particle size distribution of calcined γ-alumina samples rinsed and 
gelled with different alcohols: (a) Al-EtOH; (b) Al-Iprop; (c) Al-Sbuto; (d) Al-Nhex. 
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For Al-EtOH-pre, since the size of ethanol molecules is relatively small, the stereo effect 

is not significant. As a result, primary boehmite nanoplates are more likely to aggregate closely 

with each other. With longer chain alcohols (iso-propanol, sec-butanol), the stereo effect is more 

obvious. As observed from the corresponding precursors by TEM (Figure 6.5b and 6.5c), 

primary nanoplates are organized into 3-dimensional scaffold-like structures having large inter-

and intra-particle voids, similar to those observed in the synthesis of mesoporous alumina in the 

presence of non-ionic surfactants.19, 28 For Al-Nhex-pre (Figure 6.5d), primary plates are more 

separated than in other precursors. According to the DFT calculation by Digne et al,29, 30 the 

hydrogen bonding between the layers of bayerite is weaker than that between the layers of 

boehmite. Therefore, the hydrogen bonding between Al-Nhex-pre layers are more likely to be 

broken by alcohol molecules. In addition, hexanol, the largest alcohol used in the study, further 

enlarges the distance between the primary plates. 

Shown in Figure 6.6 are the different morphologies of calcined γ-alumina samples. For 

the calcined Al-EtOH sample, closely packed plates with a length of 15-25 nm and a width of 

10-20 nm are observed (Figure 6.6a). The observation of plate-like particles is consistent with 

the H3 type of hysteresis observed in its corresponding isotherm (Figure 6.3a). In addition, the 

relatively small mesopores (7 nm) and narrow pore size distribution of Al-EtOH from N2 

adsorption can be attributed to the small interstices formed by these uniformly sized, tightly 

stacked plates. For calcined samples rinsed and gelled with iso-propanol and sec-butanol (Figure 

6.6b and 6.6c, respectively), 3-D scaffolding structures consisting of plates with a length of 10-

20 nm, a width of 5-10 nm and a thickness of ca. 5 nm are evident, similar to those observed in 

aluminas prepared via surfactant-induced fiber formation (SIFF)31 and evaporation induced self 

assembly (EISA).32 The scaffolding morphology observed in the TEM images (Figure 5b and 5c) 
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are consistent with large pore volumes and pore widths observed from N2 adsorption techniques, 

i.e. large pore volumes arise from relatively large pores created by the voids between 3-D 

stacked alumina nanoplates. For the calcined sample rinsed and gelled with n-hexanol, a 

hierarchical structure made of smaller primary particles with a length and a width of 5-10 nm is 

observed. The primary crystallites aggregate to form secondary particles having diameters of 

roughly 50-300 nm, which further agglomerate to form a larger scale porous structure. The 

observation of hierarchical structure is in excellent agreement with the bi-model pore size 

distribution obtained from N2 adsorption: small pores (6.1 nm) can be attribute to the interstice 

between closely packed plates, whereas large mesopores (37 nm) appear as large voids formed 

by secondary particles. These observations of 3-D scaffolding and hierarchical structure are 

similar to those of aluminas obtained using PEO surfactants31 and triblock copolymers,33 

respectively, suggesting that alcohols act as structure-directing agents in the rinsing/gelation 

stage of the present preparation method.  

A comparison between the TEM images of the precursor and corresponding calcined 

alumina samples (Figure. 6.5 and 6.6) confirms that the transformation from boehmite to γ-

alumina is topotactic, i.e., the morphology of boehmite precursor is retained after calcination. 

However, crystallite sizes in the calcined samples have clearly changed. This is confirmed by the 

data in Figure 6.7 showing primary crystallite lengths and widths for precursors and calcined 

aluminas determined from an analysis of crystallite size distributions from TEM.  For example, 

average crystallite length and width for the calcined γ-alumina Al-EtOH (Figure 6.7) are larger 

than for the corresponding precursor. For the other three calcined samples a trend of 

progressively decreasing length and width compared to their corresponding precursors is 

observed.  
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These changes in crystallite size 

during calcination are likely due to a 

combination of (1) primary crystallite bonding 

and (2) shrinkage induced by dehydration, i.e., 

the removal of interlayer hydroxyls in the 

form of water and the creation of oxygen 

vacancies. Indeed, according to theoretical 

study of the dehydration of boehmite by 

Krokidis et al.,34 a 30% shrinkage of the unit 

cell parameter b (supercell length) is predicted 

after the topotactic transformation from 

boehmite to γ-alumina. Based on the reported interlayer hydrogen bonding distances of boehmite 

and bayerite (0.1812 and 0.2024 nm, respectively),30 the shrinkage is expected to be even larger 

for bayerite. As illustrated in the possible dehydration process shown in Scheme 6.1, after rinsing 

and gelation with alcohols, plates consisting of boehmite/bayerite layers are surrounded by 

alcohol molecules that are adsorbed on the surface of the plates via hydrogen bonding. During 

the calcination, interlayer hydroxyls are removed along the length and width of the supercell 

(approximately 7-8 by 10-11 boehmite layers for our primary plate) as water and γ-alumina 

primary plates of reduced size are formed. However, for precursors rinsed and gelled with 

ethanol, the interplate distance is shorter when compared to samples treated with longer chain 

alcohols. Therefore, adjacent plates of Al-EtOH-pre are more likely to be fused together and 

form larger plates. After calcination, the primary plates derived from different precursors act as 

building blocks to form different pore structures observed in their corresponding TEM images. 

Figure 6.7 Calculated average primary plate 
length and width for (a) precursors and (b) 
calcined γ-alumina rinsed and gelled with 
different alcohols 
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Scheme 6.1 Schematic illustration of possible calcination process. 

6.4 Conclusion 

In summary, γ-alumina catalyst supports with relatively high surface area (up to 260 

m2/g), large pore volume (up to 1.4 cm3/g) and tunable pore size (7-37 nm) can be prepared by 

varying the alcohols used in the rinsing and gelation of boehmite/bayerite precursors obtained 

from controlled hydrolysis of aluminum alkoxides, These easily prepared materials with 

improved properties, especially the large mesopores (up to 37 nm), offer promise for a number of 

applications, including hydrotreating catalyst design where aluminas with different pore size 

ranges and/or bimodal pore size distributions are required for treatment of different feedstocks. 

The results of this study also provides insight into the mechanisms of the formation of 

mesoporous aluminas having a variety of structures, as follows: 
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(1) Alcohol molecules apparently form hydrogen bonds with hydroxyls on 

boehmite/bayerite surfaces during rinsing and gelation and mediate the size and intergrowth of 

boehmite/bayerite primary crystallites.  

(2) Crystallite sizes of calcined alumina samples are determined by primary crystallite 

bonding and shrinkage induced by dehydration during calcination.   

(3) The unique mesoporous structures of precursors and corresponding calcined gamma-

aluminas of this study are apparently formed by the assembly of primary plate building blocks, 

i.e. a particle assembly pathway.  

However, further detailed experimental and computational investigations are needed to 

fully elucidate the mechanism of the formation of these nanostructures. 

It is also should be stressed that these aluminas, as well as the ones prepared from 

aluminum alkoxides, it not stable in a water environment or in the presence of steam. Therefore, 

further stabilization of these aluminas is required to enhance their applicability in catalysis. This 

can be achieved by introducing dopants, such as transition metals (La, Mg, Ba) or silica 

materials. 
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Appendix 

 
Computation procedures for PSD calculation based on slit-pore-geometry (SPG) model 

Table A shows a excel worksheet for the computation of PSD. The procedures are 

described as follows: 

1.Compute the Kelvin pore width xk using Equation 1. For nitrogen as adsorbate, the 

surface tension γ = 8.85 × 10-5 N/cm. The value is record in Column 3. 

!
xk = −2*0.953lnP/P0                    (1) 

2. Compute the adsorbed layer thickness t using Equation 2. (Column 4) 

!
t =3.54 −5

lnP/P0
⎛
⎝⎜

⎞
⎠⎟

1
3

           (2) 

3. The amount ∆t by which the adsorbed layer is thinned following a decrement in the 

amount adsorbed is calculated by finding the difference between successive values in Column 4. 

4. Calculate the corresponding pore width xp in Column 5 from: 

                                                     !xp = xk +2t                            (3) 

5. Q value in Column 9 is the conversion factor between ∆vk and ∆vp. It is defined as: 

!
Q = β xp

xp−2t
⎛
⎝⎜

⎞
⎠⎟

 

where β is volume structural factor. 

6. ∆Vliq,tot in Column 12 is calculated by finding the difference between successive values 

in Column 11. 

7. The amount desorbed due to thinning ∆vf  in Column 13 is calculated by  
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!ΔVf = ΔAΔt  

and then  

!ΔVk = ΔVliq, tot − ΔVf  

8. ∆Vp in Column 15 is converted from ∆Vk by: 

!ΔVp =QΔVk  

9. Cumulative pore volume Vpore,cum in Column 16 is given by the previous Vpore,cum plus 

∆Vp in Column 15. For desorption, the beginning point is set to be zero. 

10. The specific surface area ∆Ap corresponding to a volume ∆Vp is given by  

!
ΔAp =α 2ΔVp

Xp,ave
⎛
⎝⎜

⎞
⎠⎟

 

where α is the surface to volume ratio structural factor. 

11. Cumulative surface area Apore,cum in Column 18 is given by the previous Apore,cum plus 

∆Ap in Column 17. For desorption, the beginning point is set to be zero. 

12. The maximum of Vpore,cum and Apore,cum are set to match the experimental determined 

single point volume and BET surface area, respectively by varying the value of the two structural 

factor α and β. This is done by minimizing the difference between the calculated values and 

experimental values using Microsoft Excel Solver add-in. 

13. The value in Column 23 is normalized volume density function based on the log 

normal distribution: 

 

where D is the pore diameter, µ and σ are the mean value and standard deviation, 

respectively.  

!
f = 1

2π( )1/2σ
1
Dexp −

lnD− µ( )2
2σ 2

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
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14. The value in Column 24 is the normalized experimental dV/dlog(xp) (Column 21) 

value. 

15. RS value in column 25 is the difference between f(vol-den)cal and f(vol-den)exp. 

16. After f functions are normalized, the sum of the RS value is minimized using the 

Solver by varying µ and σ. 
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Table A. Excel worksheet for the computation of PSD based on SPG model (continued). 

19 20 21 22 23 24 25 

dVp/dxp ln(xp) dV/dlon(xp) xp*∆Vp 
f(vol-
den)cal 

f(vol-
den)exp 

RS 

       

0.330 4.921      
0.428 4.797 50.43 757.45 0.000 0.0091 8.35E-05 
0.465 4.676 50.27 655.28 0.000 0.0091 8.30E-05 
0.643 4.547 63.82 773.27 0.000 0.0116 1.34E-04 
0.758 4.424 56.55 583.68 0.000 0.0102 1.05E-04 
1.209 4.209 129.49 1871.41 0.000 0.0235 5.43E-04 
2.792 3.806 149.71 2710.92 0.006 0.0271 4.58E-04 
6.871 3.427 123.37 1440.22 0.056 0.0224 1.15E-03 

26.163 3.183 699.94 4121.79 0.143 0.1268 2.58E-04 
78.307 2.935 1279.30 5961.84 0.238 0.2318 4.17E-05 

104.555 2.732 1483.24 4632.34 0.262 0.2688 4.82E-05 
75.348 2.501 1129.37 3189.07 0.204 0.2047 7.38E-07 
50.230 2.249 388.44 925.04 0.101 0.0704 9.33E-04 
43.796 2.053 321.45 492.35 0.043 0.0582 2.45E-04 
36.332 1.879 217.49 247.14 0.016 0.0394 5.56E-04 
34.687 1.729 181.98 154.04 0.006 0.0330 7.47E-04 
35.369 1.596 164.46 108.29 0.002 0.0298 7.74E-04 
36.210 1.475 150.28 79.33 0.001 0.0272 7.05E-04 
38.032 1.362 145.44 64.09 0.000 0.0264 6.82E-04 
40.887 1.254 138.63 52.29 0.000 0.0251 6.27E-04 
44.448 1.152 137.33 44.35 0.000 0.0249 6.18E-04 
48.039 1.052 138.67 39.89 0.000 0.0251 6.31E-04 
52.400 0.951 134.80 35.21 0.000 0.0244 5.97E-04 
56.780 0.849 134.84 32.14 0.000 0.0244 5.97E-04 
62.092 0.742 135.00 30.40 0.000 0.0245 5.98E-04 
69.972 0.622 140.29 31.21 0.000 0.0254 6.46E-04 

85.714 0.476 157.09 37.05 0.000 0.0285 8.10E-04 

!

 


