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Magnetic Properties of Porous Iron Oxides and their Application as 

Desulfurization Sorbents 

Jing Jin, Ph.D. 

University of Connecticut, 2017 

This work focused on the study of porous iron oxides and on applying them as a 

desulfurization sorbent. The advantages of this sorbent material are gaining high sulfur sorption 

capacity at a low working temperature with a cheaper price. To achieve this goal, the research was 

broken down into three sections: (1) material synthesis and magnetic study; (2) the study on the 

desulfurization process; (3) high sulfur sorption capacity sorbent and condition optimization. 

In the first section, the different phased iron oxides with different porous structure were 

synthesized by the improved inversed micelle sol-gel method. The mesoporous maghemite and 

magnetite were carefully studied by an 57Fe spin-echo nuclear magnetic resonance (NMR) and a 

magnetometer. From those magnetic studies, the phases of iron oxides were identified. In addition, 

the crystalline structure, morphology and the porosity of the structures were characterized using 

X-ray diffraction (XRD), transmission electron microscope (TEM), scanning electron microscope 

(SEM), and N2 sorption techniques. 

The process parameters are also very important to improve the sulfur sorption capacity. 

According to the experimental data, the pressure on the sorbent during the desulfurization process 

greatly improves the sorption efficiency. The sorption capacity would be increased more than 3 

times compared with the same sorbent without pressure. All those detailed analyses and discussion 

are presented in the second section. 



Jing Jin, University of Connecticut 2017 

 

Porous hydrous ferric oxide is carefully studied as a good desulfurization sorbent in the 

third section. The fresh sorbent and the deactivate materials are characterized by XRD, high 

resolution TEM, SEM, and N2 sorption techniques. Without the pressure, the sulfur sorption 

capacity of porous hydrous ferric oxide can be reached up to 58.5 under 50 sccm at 300 oC, which 

is more than 4 times higher than the commercial sample and about 50% higher than mesoporous 

Co3O4. Based on the comparison of the material characterization, the high sorption capacity is 

probably due to the combination effect of physical and chemical sorption. 
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CHAPTER 1.  INTRODUCTION 

1.1  Overview 

Recently, environmental concerns have attracted more and more attention.  Due to industry 

development, waste and hazardous gases are released into the atmosphere.  The number of people 

exhibiting heart, lung and respiratory diseases have increased drastically.  Many cities including 

Los Angeles, Beijing and London have been attacked or experiencing “smog” which is due to bad 

air pollution.  Most of the air pollution originates from coal fires, traffic emissions or volcanos.  

Sulfur containing compounds such as H2S, COS, dimethyl sulfide (DMS), and CS2 are part of the 

haze.1-6  Efficiently removing sulfur contaminants will not only provide benefits for avoiding 

corrosion, catalyst deactivation or electrode poisoning, but also greatly protect the health of human 

beings.  As shown in Figure 1.1, the concentration of 100 ppm H2S is damaging to olfactory glands, 

while 2000 ppm is lethal to most people. 

 
Porous materials, due to their large surface areas and pore structures, are widely studied 

and applied for adsorption, gas storage and separation, drug delivery, catalysis, and 

electrochemistry.7-10  According to the pore size, the materials are classified into microporous (pore 

size smaller than 2 nm), mesoporous (pore size between 2 to 50 nm) and macroporous (pore size 

 

Figure 1.1  H2S concentration effect on the human health 

H2S in part per million (ppm) 
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larger than 50 nm).11  With respect to material synthesis techniques, the use of the hard template 

method (nanocasting) and soft template method are the two major strategies for mesoporous 

material synthesis.  For transition metal oxide mesoporous materials, the hard template method 

introduced by Rhoo and coworkers12 is widely used.  But the soft template method is problematic 

for transition metal oxides.  Recently, Poyraz and coworkers introduced an inverse micelle sol-gel 

method to fabricate crystalline and monomodal pore size mesoporous materials.13  This method 

not only produces mesoporous silica and carbon systems, but also can be applied to first-row 

transition metal oxides such as iron and cobalt. 

As the commonly used desulfurization sorbents, metal oxides and metal oxide mixtures 

have been studied for years.14-16  The sulfurization reaction of metal oxides used in sulfur removal 

can be represented by the equation below:17-18 

MOx (s) + x H2S (g)  MSx (s) + x H2O (g)                                                                                                               (1) 

where MOx is the fresh metal oxide sorbent and MSx is the metal sulfide after adsorption.  

Therefore, the gas phase sulfur contaminants will be adsorbed by the metal oxide sorbents, and the 

sorbent will be sulfurized.  The optimized working temperatures are varied according to the 

specific sorbent.  Usually, zinc oxide and zinc-based sorbents are used for hot desulfurization 

processes, which is above 700 oC.18-19  For low temperature desulfurization, mesoporous Co3O4 

has been studied recently.20  However, cobalt is relatively expensive. Therefore, porous iron oxides 

are carefully studied in this work.  By tuning synthesis conditions, different phases and nano-

structures of iron oxides were prepared and characterized before and after the desulfurization 

process.  The optimized conditions and mechanism are studied in detail. 

 



 

3 
 

1.2 Background of this research 

1.2.1 Porous iron oxide materials 

Transition metal oxides in a mesoporous nanostructure have localized d-electrons within 

the thin walls between pores.  The materials are endowed with unusual magnetic, semiconducting, 

electrical and optical properties because of their electronic nature.21-23  The special nanostructure 

enables the unusual magnetic phenomena in the material, which can benefit from applications.  For 

example, bulk Co3O4 is an anti-ferrimagnetic compound due to its outer level electronic 

configuration, but shows super-paramagnetic behavior in the mesoporous structure.24  Therefore, 

coupled with the catalytic properties, the materials were proposed for additional applications to 

exploit their magnetic properties. 

Iron oxides, as the most common magnetic materials, have been studied for decades.25-28  

Due to their cheap cost and unique properties, iron oxides have been applied to a lot of different 

areas, such as high-density magnetic storage, ferrofluids, and biomedical applications.29-34   

 

 

Figure 1.2  (a) Inversed spinal structure of magnetite and maghemite;  
(b) Hexagonal close packed framework of hematite 
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Naturally, there are two oxidation states of iron which are Fe2+ and Fe3+.  The mixed oxidation 

state compound is Fe3O4, which is called magnetite.  Iron (III) oxides are separated into four phases 

according to their crystalline structure.  Among them, gamma phase iron oxide (γ-Fe2O3), so called 

maghemite, has a similar structure as magnetite which is an inverse spinal structure shown in 

Figure 1.2a.35  Both of these are ferromagnetic materials.  Another common iron (III) oxide is 

hematite which has the alpha phase (α-Fe2O3).  Due to its hexagonal close packed structure, α-

Fe2O3 is antiferromagnetic.  The crystal structure is shown in Figure 1.2b.  Many reports on the 

synthesis, characterization and magnetic properties of these phases of nanoparticles have been 

published in the past decade.36-38  This work involves detailed studies of the mesoporous iron 

oxides including their crystalline structures, nanostructures, morphologies, and phase 

identification. 

 

1.2.2 Desulfurization process 

In industry, flue-gas desulfurization (FGD) is widely used to remove sulfur-containing 

exhaust flue gases and emissions.  There are two stages employed in most FGD systems: fly ash 

removal and sulfur containing compound removal.  People are still working on improving the 

efficiency and lowering the cost of methods.  Today, alkaline sorbents are the most frequently used 

for FGD, such as CaO, CaCO3 or Ca(OH)3.  There are many reports on zeolites,39 active carbons,40 

zinc oxide, and zinc-based sorbents,5, 16-18, 41-44 because of their high efficiency level of sulfur 

removal and ideal thermal stability.  However, for the low-temperature process, transition metal 

oxides are attractive, due to thermodynamic studies, such as the oxides of Co, Cu, Mn, Cr, Fe, Ni, 

and W.45-51  Among them, mesoporous Co3O4 has been primary studied and shows better results 

than other oxides.20 
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To reduce the cost and reach a higher sorption capacity, this work focused on applying 

porous iron oxide materials as sorbents for sulfur removal and optimize processing conditions.  To 

test the actual desulfurization capacity of the sorbent, the FGD system was mimicked by the 

laboratory setup shown in Scheme 1.1.  The diluted H2S (1% H2S in He) was a certified gas 

mixture and was purchased from Scott Specialty Gases.  A U-shape tubular reactor was made of 

quartz with an internal diameter (I.D.) of 2 mm.  The reactor was vertically oriented in a tube 

furnace with a proportional-integral-derivative (PID) controller.  In each experiment, 50 mg of 

sorbent material was packed in the reactor supported by quartz wool.  A J-type thermocouple was 

placed at the top of the sorbent bed.  Prior to each experiment, the samples were heated at 200 oC 

with 40 sccm He flowing for 1 h.  The outlet gases were analyzed for sulfur using an SRI 8610C 

gas chromatograph (GC) with a GS-GasPro capillary column (30 m × 0.32 mm I.D.) and a flame 

photometric detector (FPD).  A 10-port sampling valve with an electronic actuator was used to 

make automatic injections into the GC every 10 min with He as the carrier gas.  Two mass flow 

controllers (MFCs) controlled the flow rates, feed and composition.  One of the MFCs is a MKS 

 

Scheme 1.1.  Schematic representation of the sulfur sorption setup. 
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model 1479A with 20 sccm ± 1% full scale.  The other is an Alicat Scientific with 200 sccm ± 0.2% 

full scale.  The weight hourly space velocity (WHSV) was fixed at ~ 60 L/h·g.  The sulfur sorption 

capacity (SSC) is identified by the function below:18 

𝐒𝐒𝐒𝐒𝐒𝐒 � 𝐠𝐠−𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬
𝟏𝟏𝟏𝟏𝟏𝟏 𝐠𝐠 𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬𝐬

� = 𝐖𝐖𝐖𝐖𝐖𝐖𝐖𝐖× � 𝑴𝑴
𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎

×∫ 𝑪𝑪𝐢𝐢𝐢𝐢 − 𝑪𝑪𝐨𝐨𝐨𝐨𝐨𝐨𝒅𝒅𝒅𝒅
𝒕𝒕
𝟎𝟎 � ∙ 𝟏𝟏×𝟏𝟏𝟏𝟏−𝟒𝟒                                          (4) 

where WHSV is the weight hourly space velocity in L/h·g, M is the atomic weight of sulfur, Vmol 

is the molar volume in L/mol at standard conditions (298 K and 1 atm).  Cin and Cout are the inlet 

and outlet concentrations in ppm, and t is the breakthrough time in h.  The breakthrough time was 

the time when the outlet concentration reached 50 ppm.18, 20 
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CHAPTER 2.  CHARACTERIZATION METHODS 

2.1  X-ray diffraction (XRD) 

Both low-angle X-ray diffraction (LAXD) and wide-angle powder X-ray diffraction 

(PXRD) patterns were obtained at room temperature using a Rigaku Ultima IV diffractometer with 

Cu Kα1 radiation (λ = 0.15406 nm).  The porous structure of the samples was analyzed using a 

low-angle step width of 0.05º with an acquisition time of 0.01s per step in the range 2θ = 0.5º to 

8º for the LAXD data.  The center-to-center distance of the close-packed particles can be calculated 

by Bragg’s law: nλ = 2 d sin θ, where λ is the wave length of the X-ray, d is identifying the pore 

diameter. 

The data collected for the wide-angle PXRD were in the range 2θ = 5º to 75º with scanning 

rates ranging from 0.2º/min to 2o/min, an operating voltage of 40 kV, and a current of 44 mA.  

Comparing the diffraction pattern with the standard PDF pattern, the crystalline phase of the 

samples will be indicated.  According to the Sherrer equation: D = 0.89 λ / β cos θ, the crystalline 

size can be calculated, where β is the full width at half maximum of the peak and θ is the peak 

position. 

2.2  N2 physisorption 

Nitrogen sorption isotherms were measured with a NOVA 2000e system at liquid nitrogen 

temperature.  Prior to the measurement, the sample was degassed at a temperature of 120 ºC for 8 

hrs.  The total pore volume was determined using the adsorption volume at a relative pressure of 

0.9918.  A Brunauer-Emmett-Teller (BET)1 surface area was estimated from the adsorption data 
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in the relative pressure range p/po = 0.05 to 0.3.  The mesopore size distribution was calculated 

from the desorption branch of the isotherm using the Barrett-Joyner-Halenda (BJH)2 method. 

2.3  Scanning electron microscopy (SEM) 

The morphology of the final sample was characterized using an FEI Nova NanoSEM 450 

variable pressure field emission scanning electron microscope (FESEM) in Chapter 3 and 4.  In 

Chapter 5, the SEM images were carried out by FEI TENEO Low Vacuum SEM.  The sample 

was prepared on a carbon tape or a silicon wafer supported by a stub holder.  

2.4  Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM), high resolution transmission electron 

microscopy (HRTEM), and selected area electron diffraction (SAED) images in Chapter 3 were 

obtained with a JEOL 2010 FasTEM operating at 200 kV.  In Chapter 4 and 5, HRTEM and 

scanning transmission electron microscopy (STEM) measurements were carried out using a Talos 

F200X microscope operating at 200 kV equipped with an energy dispersive X-ray spectroscopy 

(EDS) detector.  The sample was dispersed in ethanol and one drop of the homogeneous-like 

solution was placed on a QUANTIFOIL® TEM grid.  The grid was dried in air and then used for 

the TEM studies. 

2.5  Superconductor quantum interfere device (SQUID) 

Measurements of the DC magnetization were carried out for magnetic fields −50 kOe ≤ H 

≤ +50 kOe over the temperature range 5.0 K ≤ T ≤ 350 K using a Quantum Design MPMS-5 

SQUID magnetometer. 5 mg sample were packed in the plastic sample holder with the cotton plug-

in.  The sample holder was stuck in a transparent straw to attach with the magnetometer probe.  
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The sample would be automatically adjusted to the center of the field by the program.  The empty 

sample holder with the cotton plug-in was measured under the same condition for the background 

substrate. 

2.6 Small angle X-ray scattering (SAXS) 

Small-angle X-ray scattering (SAXS) measurements were carried out on a Bruker 

NanoSTAR instrument.  The X-rays were generated by a Turbo (rotating anode) X-ray source 

(TXS). A Cu Kα wavelength λ = 0.15418 nm was selected using a Göble mirror.  The X-ray beam 

was collimated by two scatterless pinholes with a diameter of 350 μm.  The data were recorded on 

a 2-D MikroGap VANTEC-2000 detector with a sample-to-detector distance of 106.5 cm, in order 

to include a scattering vector q = (4π/λ) sin θ range of 0.071/nm to 2.276/nm, where 2θ is the 

scattering angle.  The 2-D SAXS data were corrected for empty-cell background, sample 

transmission, and empty-cell transmission.  The 1-D data were obtained by integration of the 2-D 

data.  The sample was sealed between two pieces of Kapton tape and mounted on the sample holder.  

The empty Kapton tape was measured under the same condition for the background subtraction. 

2.7  X-ray photon spectrum (XPS) 

The X-ray photoelectron spectroscopy (XPS) analysis was done with a PHI model 590 

spectrometer with multiprobes (Φ Physical Electronics Industries Inc.).  The radiation source was 

Al-Kα radiation with λ = 1486.6 eV.  The sample was prepared on a carbon tape supported by a 

stub holder.  The survey spectrum and high resolution spectrum of the specific elements were 

collected for each sample. Carbon spectra were collected for calibration. 
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2.8  Nuclear magnetic resonance (NMR) 

Zero-field NMR 57Fe spin-echo nuclear magnetic resonance (NMR) spectra were obtained 

over the frequency range from ν = 66.0 MHz to 76.0 MHz using a Matec model 7700 pulsed-

oscillator mainframe and model 760 pulsed-oscillator/receiver, with the sample in a tuned circuit 

that was matched to 50 Ω.  The NMR echo amplitude was optimized using a standard τp1-τ-τp2 

spin-echo pulse sequence with τp1, τp2 = 4.0 μs rf pulses, a pulse separation of τ = 20 μs, and a 

repetition rate of 33 Hz.  Spectra were obtained by averaging the NMR signals 500 to 1,000 times 

at 0.25 MHz intervals across the frequency range.  A resolution of 0.25 MHz is consistent with the 

4.0 μs rf pulses. Spin-echo NMR spectra were obtained at T = 4.2 K with 0 ≤ H ≤ 7.5 kOe.  The 

NMR sensitivity of the spectrometer (including the 1/ν2 correction) was monitored over the entire 

frequency range by injecting an RF calibration pulse signal using a 50 Ω antenna.  Measurements 

of the spin-spin relaxation time T2 were made at selected frequencies across the spectrum by 

varying the pulse separation time from τ = 20 μs to 450 μs. As discussed below, the frequency 

dependence of T2 can result in a significant correction to the NMR spectrum3.  Operation at liquid 

He temperature was carried out using a conventional glass double dewar system. 
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CHAPTER 3.  Magnetic Studies of Mesoporous Nanostructured 

Iron Oxide Materials Synthesized by One-Step Soft-Templating 

3.1  Introduction 

Currently, there is intense interest in mesoporous nanostructured materials because of their 

wide spread technological applications such as adsorption, gas storage, separation, catalysis, drug 

delivery, and electrochemistry1-4.  All these applications benefit from the high specific surface area 

and suitable pore volume of the ordered nanostructure.  These materials provide model systems 

for basic scientific studies as well. 

The transition metal oxides in a mesoporous nanostructure have localized d-electrons 

within the thin walls between pores and, therefore, the materials are endowed with unusual 

magnetic, semiconducting, electrical, and optical properties5-7.  The magnetic properties, coupled 

with the catalytic properties, provide the opportunity for additional applications using the new 

materials.  In particular, iron oxides with magnetic ordering and relatively large magnetization at 

room temperature have already found application in high-density magnetic storage, ferrofluids, 

and the biomedical area9.  A number of reports on the synthesis, characterization, and magnetic 

properties of iron oxide nanoparticles have been published in the past decade10-12. 

General speaking, there are two methods to synthesize mesoporous nanostructured 

materials.  They are the hard template (nanocasting) method and the soft template (cooperative 

assembly) method.  In the hard template procedure, introduced by Rhoo and co-workers13, the 

silicas MCM-41, SBA-15, and KIT-6, are used as molds and then dissolved afterwards.  For the 

soft template procedure, the mesoporous solid is assembled by using a surfactant.  However, the 
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soft template method is problematic in fabricating mesoporous transition metal oxide 

nanostructures because the surfactant/oxide composite precursors are often more susceptible to 

lack of condensation, redox reactions, or phase transitions accompanied by thermal breakdown of 

the structure14. 

The mesoporous nanostructured iron oxides in this work were synthesized using a recently 

developed one-step soft-templating procedure, which consists of an inverse micelle packing 

approach15-16.  This method allows one to synthesize a variety of thermally-stable mesoporous 

oxides including transition metals (e.g., Ti, Zr, Nb, Hf, Cr, Fe, Mn, Ni, and Co), metalloids (e.g., 

Si), post-transition metals (e.g., Sn), non-metals (e.g., C), lanthanides (e.g., Ce, Nd, Sm, and Gd), 

as well as various mixed oxides (e.g., aluminosilicates, YSZ).  This approach makes it possible to 

synthesize mesoporous materials with tunable mesostructure, mesoporosity, and nanocrystallinity.  

The facile one-step synthesis also shortens the reaction time to obtain the mesoporous structures 

of iron oxides with removable surfactant template and high repeatability.  The crystal structure, 

particle size, pore topology, and sample morphology are examined using X-ray 

diffraction/scattering, electron microscopy, and N2 sorption techniques.  A detailed description of 

the magnetic moment, magnetic interactions, and blocking temperature, obtained through SQUID 

magnetometry, is presented in this work.  57Fe spin-echo nuclear magnetic resonance (NMR) has 

been used to map the hyperfine distribution which provides a local probe of the microscopic atomic 

and electronic structure.  In particular, NMR spectra are used to distinguish the crystallographically 

similar iron oxide phases in the nanostructured materials. 

 

 



20 
 

3.2  Synthesis method 

Two series of mesoporous nanostructured iron-oxide materials, consisting of the Fe3O4 and 

γ-Fe2O3 phases, were synthesized using a procedure based on the recently-developed one-step soft-

templating approach described above15.  Reagent-grade chemicals were used in the synthesis. 

Pluronic P123 copolymer surfactant (PEO20-PPO70-PEO20), 1-butanol (anhydrous, 99.8%), and 

iron (III) nitrate nonahydrate Fe(NO3)3∙9H2O were purchased from Sigma-Aldrich.  Concentrated 

nitric acid (68%-70% HNO3) was purchased from J. T. Baker.  The starting material for the first 

series of three mesoporous (nominally γ-Fe2O3) samples was synthesized by dissolving 4.04 g 

(0.010 mol) of Fe(NO3)3∙9H2O in 8.9 g (0.12 mol) of 1-butanol solution containing 1.2 g (2.04×10-

4 mol) of P123 and 1.2 g (0.019 mol) of concentrated HNO3.  A clear red-brown gel was obtained 

after magnetically stirring the above-mentioned solution at room temperature for 4 hrs.  The gel 

was placed in an oven and maintained at 90 ºC for 2 hr.  The resulting fine powder was washed 

twice with ethanol, centrifuged, and dried in a vacuum jar overnight.  The dry powder was heated 

to 150 ºC for 6 hrs and then cooled down naturally to room temperature. 

The starting material was separated into three portions after the 150 ºC heat treatment.  

Variations in temperature and time were explored.  The three portions of first series starting 

material were calcined at 250 ºC, 300 ºC, and 350 ºC (heating rate = 10 ºC/min) for 3 hrs 

individually in air atmosphere.  Preliminary results in earlier work indicated that the above 

calcination procedure yielded the γ-Fe2O3 phase.  In the following discussion, these three samples 

will be denoted by the calcination temperature (i.e., 250 ºC, 300 ºC, and 350 ºC).  The starting 

material for the second series of three mesoporous (nominally Fe3O4) samples was synthesized 

following the above procedure while maintaining the same ratio of the four constituents.  Again, 

the starting material was separated into three portions after the 150 ºC heat treatment.  The three 
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portions of second series starting material were heated at 250 ºC (heating rate = 10 ºC/min) for 3 

hrs individually in 5% H2 – 95% Ar, 10% H2 – 90% Ar, and 20% H2 – 80% Ar atmospheres.  Using 

a H2−Ar atmosphere instead of air during heat treatment has been shown previously to yield the 

Fe3O4 phase6.  In the following discussion, these three samples will be denoted by the H2 

percentage (i.e., 5% H2, 10% H2, and 20% H2).  

In the one-step soft-templating synthesis procedure used here, the surfactant species are 

oxidized at long reaction times and form carboxyl groups nitrate.  Temperature programmed 

desorption (TPD) has been used previously to monitor their removal during the 150 ºC heat 

treatment.15  

For comparison, commercial lab grade magnetite (Fe3O4) and maghemite (γ-Fe2O3) were 

used as macrocrystalline or “bulk” standards: (1) “Fe3O4, 99.99%, lot #518158”; (2) “Fe3O4, < 5 

μm, 95%, lot #310069”; and (3) “γ-Fe2O3, < 5 μm, > 99%, lot #310050”. All of the materials were 

purchased from Sigma-Aldrich. 

 

3.3  Results 

3.3.1  Characterization 

A typical ordered mesoporous nanostructured material is characterized by: (1) small-angle 

X-ray diffraction peak(s), indicating the existence of a “long-range”, “periodic” mesostructure and 

(2) a Type IV N2 sorption isotherm with H1 hysteresis, indicating a regular nanosized pore 

structure15.  Figures 3.1a and 3.1b show the small-angle X-ray diffraction (SAXD) and wide-

angle X-ray diffraction (PXRD) patterns, respectively, for the three first series (nominally γ-Fe2O3) 

of mesoporous samples which were calcined at 250 ºC, 300 ºC, and 350 ºC for 3 hrs.  Each SAXD  
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Figure 3.1.  (Color Online) (a) Small-angle and (b) wide-angle XRD patterns, respectively, for the 

three (first series) mesoporous nanostructured samples calcined at 250 C, 300 ºC, and 350 ºC for 3 

hrs.  The low-angle pattern shows a single peak characteristic of the mesostructure; the peak position, 

which defines the “periodic” order, gives a measure of the nanoparticle diameter.  The wide-angle 

pattern is consistent with the spinel γ-Fe2O3 crystalline phase; cubic unit cell with Fd−3m space group 

(JCPDS no. 04-0755)8. 
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pattern is characterized by a single broad peak; the peak shifting to lower angle with increasing 

calcination temperature.  A peak shift to smaller angle with increasing heat treatment temperature 

or time is typical for UCT materials and indicates an expansion of the mesoporous structure15-16.  

This is in contrast to traditional mesoporous materials in which the mesostructure shrinks with heat 

treatment.  As discussed below, the mesoporous structure is formed by a random close-packed 

aggregation of nanoparticles having similar size and not an iron oxide framework.  Consequently, 

the small-angle peak position (2θ) has been related to the average particle diameter D15-16.   

The small-angle peak in Figure 3.1a is a consequence of the order associated with the 

mesoporous structure, i.e., the pore center-to-center correlation distance17.  Using Bragg’s law, nλ 

= 2d sin θ, to calculate the d-spacing value and assuming a random close-packing of the particles, 

an estimate is obtained for the average particle diameter, D ≈ d.  From the peak positions in Figure 

3.1a, values of D ≈ d = 6.7 nm, 10 nm, and 9.2 nm are obtained from the samples calcined at 250 

ºC, 300 ºC, and 350 ºC for 3 hrs, respectively.  (As discussed below, the calcination 

temperature/time resulted in some degradation of the 350 ºC sample mesostructure.) 

The wide-angle PXRD patterns in Figure 3.1b for the three samples have reduced signal-

to-noise due to the small particle size (vanishing XRD peaks due to small grain size is sometimes 

referred to as “XRD amorphous” in the literature15) and this will be discussed later.  Nevertheless, 

the few peaks which are observed are consistent with the γ-Fe2O3 phase, i.e., a cubic unit cell with 

the Fd−3m space group and an accepted lattice parameter ao = 0.8350 nm (JCPDS no. 04-0755)8.  

It is quite difficult to distinguish between γ-Fe2O3 and Fe3O4 using PXRD because these two 

magnetic spinel phases are structurally very similar.  The situation is even more difficult in the 

case of nanoparticles, where the Bragg peaks are broadened.  Using the Scherrer equation D =  
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0.89λ/(β cos θ), where D is the average grain size, β is the broadening of the (311) reflection (see 

Figure 1b), and λ = 0.15406 nm, estimates of D = 4.3 nm, and 13 nm are obtained for the 300 ºC 

and 350 ºC (nominally γ-Fe2O3) samples, respectively.  An estimate of the grain size was not 

possible for the 250 ºC sample.  Figure 3.2a shows the wide-angle X-ray diffraction (PXRD) 

patterns for the three second series (nominally Fe3O4) mesoporous samples which were heated in 

5% H2, 10% H2, and 20% H2 atmospheres.  Figure 3.2b shows the (expanded) Scherrer equation 

analysis for the 20% H2 sample; a similar analysis was carried out for both the 5% H2 and 10% H2 

 

Figure 3.2.  (a) Wide-angle PXRD patterns for the three (second series) mesoporous nanostructured samples 

heated at 250 ºC for 3 hrs in 5% H2, 10% H2, and 20% H2 atmospheres, and (b) (expanded) Scherrer equation 

analysis for the grain size in the 20% H2 sample.  The wide-angle pattern is consistent with the spinel Fe3O4 

crystalline phase; cubic unit cell with Fd−3m space group (JCPDS no. 85-1436)8. 
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samples (not shown).  Due to the larger particle size for these three samples, the LAXD peaks 

occur below the 0.5º lower limit for the diffractometer.  From the Scherrer equation analysis as 

illustrated in Figure 3.2b, values of D = 9.9 nm, 12 nm, and 13 nm were obtained for the 5% H2, 

10% H2, and 20% H2 samples, respectively (see Table 3.1). 

Table 3.1  Characterization Results 

Sample 
PXRD 

Grain Size 

SAXD 

Particle Size 

SAXS 

Particle Size 

HR-TEM 

particle Size 

N2 sorption 
BET Surface 

Area 

BJH Pore 
Size 

Desorption 

Phase 
Identi-
fication 
NMR (nm) (nm) (nm) (nm) (m2/g) (nm) 

(250 oC)1 NA3 6.7 5.7 NA4 240 (≤ 5)3 NA4 

(300 oC)1 4.3 10 10 12~18 223 (≤ 5)3 γ-Fe2O3 

(350 oC)1 13 9.2 18 NA4 114 NA2 NA4 

(5%   H2)2 9.9 NA1 22 NA4 67 9.1 NA4 

(10% H2)2 12 NA1 26 NA4 50 9.1 NA4 

(20% H2)2 13 NA1 30 17~23 243 16 
Fe3O4 + 
 γ-Fe2O3 

1Sample designation based on calcination temperature in air for 3 hrs. 

2Sample designation based on calcination atmosphere at 250 oC for 3 hrs. 

3Upper limit due to N2 adsorptive. 

NA1 not available, outside range of diffractometer. 

NA2 not available, Type H3 hysteresis. 

NA3 not available, “PXRD amorphous”, peaks too broad to measure the FWHM. 

NA4 not available, selected measurements on 300 oC and 20% H2 samples only. 

 

Figure 3.3 shows the 1-D SAXS profiles obtained by integration of the 2-D data for the 

three first series mesoporous samples which were calcined at 250 ºC, 300 ºC, and 350 ºC for 3 hrs.  

In order to bring out the structural features in Figure 3.3, a log-log plot is presented where q is the 

magnitude of the scattering vector, q = (4π/λ) sin θ and 2θ is the scattering angle.  As seen in the 

SAXS patterns, the “knee”-like feature shifts toward lower q with increased calcination 

temperature.  A q−4 intensity decay is observed in the low q regime for the 250 ºC and 300 ºC  
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Figure 3.3.  1-D SAXS intensity profiles (log-log plots) obtained by integration of the 2-D data for the three (first 

series) mesoporous samples calcined at 250 ºC, 300 ºC, and 350 ºC for 3 hrs.  The “knee”-like features yield 

estimates for the nanoparticle size (see text). 

 

Figure 3.4.  1-D SAXS intensity profiles (log-log plots) obtained by integration of the 2-D data for the three 

(second series) mesoporous samples heated in 5% H2, 10% H2 and 20% H2 atmospheres.  The “knee”-like features 

yield estimates for the nanoparticle size (see text). 
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samples.  This is indicative of the interfacial scattering (known as “Porod” scattering) from well-

defined surfaces of large clusters presumably originating from the aggregation of γ-Fe2O3 

nanoparticles18).  SAXS data for the 350 oC sample (blue curve in Figure 3.3) deviate from q−4 

probably due to the proximity of the knee-like feature.  In the high q regime (q > 1.5 nm), the 

intensity approaches a q−2 dependence for all three samples.  As discussed below, the analysis of 

the SAXS data for these systems is complicated and problematic due to both form factor and 

structure factor contributions to the measured intensity q-dependence19.  From the knee-like 

features shown in Figure 3.3, which occur at q = 0.35/nm, 0.63/nm, and 1.1/nm for the 350 ºC, 

300ºC, and 250 ºC samples, respectively, corresponding estimates of 18 nm, 10 nm, and 5.7 nm 

are obtained for the particle size.  Again, the shift of the peaks to lower q-values with increased 

calcination temperature indicates an increase in the nanoparticle size and, therefore, an expansion 

of the mesoporous structure.  Figure 3.4 shows the log-log SAXS intensity plots for the 5% H2, 

10% H2, and 20% H2 mesoporous samples.  From the SAXS analysis, knee-like values (particle 

size values) of 0.28/nm (22 nm), 0.24/nm (26 nm), and 0.21/nm (30 nm) are obtained for the 5% 

H2, 10% H2, and 20% H2 samples (see Table 3.1). 

Figure 3.5 shows N2 sorption isotherms for the three first series samples which were 

calcined at 250 ºC, 300 ºC, and 350 ºC for 3 hrs.  For the 250 ºC and 300 ºC samples, the resulting 

isotherms are typical of a good mesoporous structure, i.e., Type IV according to the definitions 

provided by the IUPAC20.  The isotherm for the 350 ºC sample also appears to be Type IV; 

however, the hysteresis behavior is clearly Type H3.  The hysteresis behavior for the 250 ºC and 

300 ºC samples appears to be intermediate between H1 and H3.  A type IV isotherm is 

characterized by its hysteresis loop which is associated with capillary condensation taking place  
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in the mesopores.  Type H1 hysteresis is typically associated with agglomerates of approximately 

spherical particles and cylindrical mesopores.  The presence of Type H3 hysteresis indicates 

aggregates of elliptically-shaped particles resulting in (non-cylindrical) slit-like pores.  Although 

the isotherms for the first series samples are Type IV, which is required for any reliable calculation 

of the mesopore size distribution; the existence of Type H3 hysteresis makes it unlikely that such 

a calculation will be meaningful, even for comparative purposes. For a detailed discussion of the 

above topics, the reader is referred to Ref. [20].  In Figure 3.5, it can be seen that, by increasing 

the calcination temperature from 250 ºC to 300 ºC, one obtains a shift of the adsorption step to a 

higher relative pressure value.  This is a consequence of an increase in the mesopore size and 

consistent with the behavior of the LAXD and SAXS peaks described above.  The mesopores are 

formed by interparticle voids and, hence, an increase in the nanoparticle size yields larger 

interparticle voids.  The values ≤ 5 nm listed for the pore diameters of the two first series samples  
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Figure 3.5.  (Color Online) Nitrogen sorption isotherms for the three (first) series mesoporous samples calcined 

at 250 C, 300 ºC, and 350 ºC for 3 hrs.  The BET surface areas obtained from analysis of the isotherms are 

presented in Table 3.1.  Unlike traditional mesoporous materials, the UCT materials expand with heat treatment. 
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Figure 3.6.  (Color Online) (a) Nitrogen sorption isotherms and (b) pore size distribution curves for the three 

(second) series mesoporous samples heated at 250 C for 3 hrs in 5% H2, 10% H2, and 20% H2 atmospheres.  The 

BET surface areas and BJH pore sizes obtained from analysis of the isotherms are presented in Table 3.1.  Unlike 

traditional mesoporous materials, the UCT materials expand with heat treatment. 
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in Table 3.1 simply reflect the lower limit of hysteresis closure at p/po ≈ 0.4 for nitrogen at its 

boiling point (77 K).  Following IUPAC protocol20, the BET values were obtained by the 

measurement of five points over a range within 0.05 ≤ p/po ≤ 0.3 (see Table 3.1).  Figures 3.6a 

and 3.6b show the N2 sorption isotherms and pore size distribution curves, respectively, for the 5% 

H2, 10% H2, and 20% H2 mesoporous samples.  All three second series samples are characterized 

by Type IV sorption isotherms with H1 hysteresis indicating good mesoporous structures.  The 

pore size distribution curves were calculated from the desorption branch using the BJH method21.  

The desorption branch was used as it seems to be preferred by most researchers in the literature.  

The BET surface area and BJH pore size values are summarized in Table 3.1. 

 

Figure 3.7.  Scanning electron microscope images obtained from the three (first) series mesoporous 

samples: (a) 350 ºC sample - 400 nm scale bar (b) 300 ºC sample - 400 nm scale bar, (c) 250 ºC 

sample - 400 nm scale bar, and (d) 250 ºC sample - 1,000 nm scale bar. The overall sample 

morphology can be described as essentially spherical clusters with nanoscale segments. 
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The mesoporous structure was characterized by a combination of FESEM, TEM, and 

HRTEM.  Figures 3.7a, 3.7b, and 3.7c show representative FESEM images with scale bars of 

400 nm for the 350 ºC, 300 ºC, and 250 ºC samples, respectively.  Figure 3.7d shows an image 

for the 250 ºC sample with a scale bar of 1,000 nm.  The overall sample morphology can be 

described as essentially spherical clusters with nanoscale segments.  For example, in the case of 

the 250 ºC sample, the clusters are approximately 1,000 nm in diameter.  The size of the nanoscale 

pieces that compose the spherical clusters becomes larger with calcination temperature.  Figures 

3.8a and 3.8b show representative FESEM images for 5% H2 and 20% H2 mesoporous samples.  

Further insight into the morphology and microstructure of the 300 ºC mesoporous material 

was obtained using TEM, HRTEM, and SAED.  Figures 3.9a and 3.9b show representative TEM 

images with scale bars of 20 nm and 10 nm, respectively. The TEM images show that the clusters 

seen in the SEM images above consist of nanoparticles. Those nanoparticles exhibit polyhedral 

shape with the diameters of the particles ranging from 12 nm to 18 nm.  The particle size estimates  

 

 

Figure 3.8.  Scanning electron microscope images obtained from two of the three (second) series samples: (a) 5% 

H2 sample - 500 nm scale bar (inset 200 nm) and (b) 20% H2 sample - 500 nm scale bar (inset 200 nm). The overall 

sample morphology can be described as essentially spherical clusters with nanoscale segments. 
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from the TEM images are larger than the grain size values obtained from PXRD peaks using the 

Scherrer equation (≈ 4.3 nm for the 300 ºC sample).  This would indicate that the majority of the 

nanoparticles are not single crystals.  The nanoparticles are randomly close-packed to form the 

mesoporous morphology.  As shown in Figure 3.9c, HRTEM images of the mesoporous 300 ºC  

 

 

Figure 3.9. Transmission electron microscope images obtained from the mesoporous sample calcined at 300 ºC 

for 3 hrs: (a) TEM, 20 nm scale bar, (b) TEM, 10 nm scale bar, and (c) HRTEM, 5 nm scale bar.  The inset in Fig. 

5a shows a SAED pattern with Debye-Scherrer-type rings which can be indexed to the cubic spinel γ-Fe2O3 

structure.  The mesostructure consists of an assembly of nanoparticles with diameters ranging from 12 nm to 18 

nm (see Fig. 5b).  With high resolution (see Fig. 5c), the d-spacing of the resolved fringes is 0.26 nm, consistent 

with (311) planes for γ-Fe2O3. 

 

Figure 3.10. Transmission electron microscope images obtained from the sample heated at 250 ºC for 3 hrs in a 

20% H2 atmosphere: (a) TEM, 50 nm scale bar, (b) HRTEM, 5 nm scale bar, and (c) SAED pattern with Debye-

Scherrer-type rings which can be indexed to the spinel Fe3O4 structure.  The mesostructure consists of an assembly 

of nanoparticles with diameters ranging from 17 nm to 24 nm (see Figure 3.10a).  With high resolution (see 

Figure 3.10b), the d-spacing of the resolved fringes is 0.30 nm, consistent with (200) planes for Fe3O4. 
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indicate the crystalline nature of the nanoparticles; the crystal orientation of the phase has no 

relationship with the orientation of the mesoporous network.  Moreover, the visible lattice fringes 

with a lattice spacing of about 0.26 nm are characteristic of the (311) plane for the γ-Fe2O3 phase, 

which is consistent with the PXRD results.  Again, due to the structural similarity, it is not possible 

to rule out the Fe3O4 phase.  From SAED patterns (the inset of Figure 3.9a) obtained from larger 

areas of the mesoporous material, Debye-Scherrer-type rings are seen and can be indexed to the 

spinel γ-Fe2O3 structure.  Figures 3.10a, 3.10b, and 3.10c show representative TEM, HRTEM, 

and SAED images, respectively, for the 20% H2 sample.  All the samples studied in this work, 

along with the corresponding characterization data, are summarized in Table 3.1. 

 

3.3.2 Magnetization 

Figures 3.11a, 3.11b, and 3.11c show the temperature dependence of the zero-field-cooled 

(ZFC) and field-cooled (FC) DC magnetization in a magnetic field of 100 Oe, 500 Oe, and 1,000 

Oe, respectively, for the 300 ºC sample.  The ZFC/FC protocol used here involves cooling the 

sample in zero field, applying the indicated field, and measuring the magnetization as the sample 

is heated (ZFC curve).  The magnetization is then measured again as the sample is cooled in the 

same field (FC curve).  The magnetization behavior is characterized by: (1) a peak in the ZFC 

curve and (2) hysteresis, in the form of a bifurcation of the ZFC and FC curves as the temperature 

is decreased.  The strong (decreasing) field dependence of the ZFC peak temperature, TB, indicates 

superparamagnetic (and not spin-glass) behavior, where TB is defined as the blocking 

temperature22-25.  Due to the relatively large size of the nanoparticles, TB is near room temperature 

for magnetic fields H < 100 Oe.  The ZFC peak is quite broad which is likely due to a particle size 

distribution as well as strong interactions between the particles26.  Figure 3.12a shows a series of  
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Figure 3.11.  Zero-field-cooled (closed symbols) and field-cooled (open symbols) magnetization versus 

temperature for the sample calcined at 300 ºC for 3 hrs: (a) H = 100 Oe (squares), (b) H = 500 Oe (circles), 

and (c) H = 1,000 Oe (triangles).  The decrease of the peak temperature with magnetic field indicates 

superparamagnetic behavior; the blocking temperatures TB are indicated. 
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hysteresis loops measured at temperatures ranging from 10 K to 350 K for the 300 ºC sample.  As 

discussed below, the reduced values for the magnetization are attributed to small particle effects.  

Figure 3.12b shows the temperature dependence of the coercive field values, Hc, obtained from 

the hysteresis loops. Figure 3.13 shows ZFC/FC curves (H = 500 Oe and 1,000 Oe) obtained for 

the 5% H2 and 20% H2 samples, while Figure 3.14 shows hysteresis loops (T = 10 K to 300 K) 

for the 20% H2 sample.  Figure 3.14b shows the temperature dependence of the coercive field 

values, Hc, obtained from the hysteresis loops. Even for the 5% H2 sample, which has the smallest 

 

Figure 3.12.  (a) Magnetization versus magnetic field (hysteresis loops) measured at temperatures ranging from 

10 K to 350 K for the sample calcined at 300 ºC for 3 hrs, (b) temperature dependence of the coercive field values, 

Hc, obtained from the hysteresis loops. 
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nanoparticles, relatively large fields H = 500 Oe and 1,000 Oe were necessary in order to have TB 

appear below the upper temperature limit of the magnetometer. 

 

 

 

 

 

Figure 3.13.  Zero-field-cooled (closed symbols) and field-cooled (open symbols) magnetization versus 

temperature for the sample heated in a 5% H2 atmosphere at 250 ºC for 3 hrs (a) H = 500 Oe and (b) H = 1,000 

Oe.  Zero-field-cooled (closed symbols) and field-cooled (open symbols) magnetization versus temperature for 

the sample heated in a 20% H2 atmosphere at 250 ºC for 3 hrs (c) H = 500 Oe and (d) H = 1,000 Oe.  The decrease 

of the peak temperature with magnetic field indicates superparamagnetic behavior; the blocking temperatures TB 

are indicated. 
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Figure 3.14.  (a) Magnetization versus magnetic field (hysteresis loops) measured at temperatures ranging from 

10 K to 300 K for the sample heated in a 5% H2 atmosphere at 250 ºC for 3 hrs and (b) temperature dependence 

of the coercive field values, Hc, obtained from the hysteresis loops. 
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3.3.3 Nuclear Magnetic Resonance 

Figure 3.15 shows the 57Fe spin-echo NMR spectrum obtained at T = 4.2 K and H = 0 for 

the mesoporous sample calcined at 300 ºC for 3 hrs (closed circles).  Distinct peaks are observed 

at 71.5 MHz and 73.2 MHz which are assigned to Fe in the tetrahedral (A) and octahedral (B) sites, 

respectively.  For reference, the spectrum obtained from a commercial grade “bulk” standard is 

included (Sigma-Aldrich “γ-Fe2O3, < 5 um, > 99%, lot #310050”).  The peak positions match; 

however, the peaks for the mesoporous 300 ºC sample are narrower and more distinct than for the 

standard.  Based on the echo characteristics for the two samples, this is attributed to the fact that 

 

Figure 3.15.  57Fe spin-echo NMR spectra obtained at T = 4.2 K and H = 0: closed circles - 

mesoporous sample calcined at 300 oC for 3 hrs and open-circles - commercial “bulk γ-Fe2O3 

powder sample.  The peaks at 71.5 MHz and 73.2 MHz correspond to Fe in the tetrahedral (A) 

sites and octahedral (B) sites, respectively.  The 300 ºC sample shows only the γ-Fe2O3 phase. 
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the mesoporous sample has smaller particles with single-domain behavior, whereas the standard 

sample with larger particles are multidomain (see below).  The existence of domain walls in 

multidomain particles leads to a more pronounced NMR signal enhancement factor than is the case 

for single domain particles.  (The NMR enhancement factors arise in magnetically-ordered 

materials27.)  Another difference is the existence of a demagnetizing field for single domain 

particles compared to none for multidomain particles and, therefore, a difference in NMR peak 

frequencies.  However, the relatively small gyromagnetic ratio for 57Fe (γ = 0.13815 MHz/kOe) 

 

 

Figure 3.16.  57Fe spin-echo NMR spectra for the sample calcined at 300 oC for 3 hrs obtained at T = 4.2 K with 

various applied magnetic fields 0 ≤ H ≤ 7.5 kOe.  Consistent with the ferrimagnetic structure, the tetrahedral (A) 

site and octahedral (B) site peaks move together for H ≤ 7.5 kOe (see text). 
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makes the difference between domain and domain-wall peak frequencies too small to be resolved28.  

Finally, the peak frequencies observed for both samples in Figure 3.15 are in very good agreement 

with literature values (71.8 MHz and 73.0 MHz) for “bulk” or multidomain particles of γ-Fe2O3
29.  

Figure 3.16 shows a series of 57Fe spin-echo NMR spectra for the sample calcined at 300 ºC for 

3 hrs which were obtained at T = 4.2 K and for various magnetic fields 0  H  7.5 kOe.  The 

tetrahedral (A) site and octahedral (B) site peaks shift upward and downward in frequency, 

respectively, as the field is increased.  This is consistent with the ferrimagnetic structure.  In an 

applied magnetic field, the larger octahedral site moments (smaller tetrahedral site moments) are 

aligned parallel(antiparallel) to the field.  Since the sign of the (contact) hyperfine interaction 

between the electronic and nuclear moments is negative, the octahedral (tetrahedral) peak shifts  

 

 

Figure 3.17.  57Fe spin-echo NMR signal amplitude (arb. units) versus applied magnetic field (kOe) obtained at T 

= 4.2 K and ν = 72.0 MHz for the sample calcined at 300 oC for 3 hrs: open circles - increasing field and closed 

circles- decreasing field.  The behavior is a consequence of both the anisotropy field and domain enhancement 

factor. 
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downward (upward).  This behavior confirms the NMR peak assignments.  As discussed below, 

Lee et al.29 and Daou et al.30 have used the shift of the NMR peaks with applied magnetic field to 

calculate a spin canting angle for γ-Fe2O3.  Figure 3.17 shows the behavior of the 57Fe spin-echo 

NMR signal amplitude as a function of the applied magnetic field.  The initial increase of the NMR 

signal amplitude arises as the external field overcomes the anisotropy field (estimated Hanis ≈ 2,500  

 

 

Figure 3.18.  57Fe spin-echo NMR spectra obtained at T = 4.2 K and H = 0: (a) commercial “bulk” γ-Fe2O3 powder 

sample, (b) mesoporous sample heated at 250 ºC for 3 hrs in an 20% H2 – 80% Ar atmosphere, and (c) commercial 

“bulk” Fe3O4 powder sample.  The 20% H2 sample shows both the γ-Fe2O3 and Fe3O4 phases. 
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Oe) and the magnetic moments align parallel (or antiparallel) with the external field (perpendicular 

to the RF coil).  The gradual decease of the signal amplitude is due to the decrease in the domain 

enhancement factor with the magnetic field31. 

Figure 3.18 shows the 57Fe spin-echo NMR spectrum obtained at T = 4.2 K and H = 0 for 

the sample heated at 250 oC for 3 hrs in an atmosphere of 20% H2 - 80% Ar (see Figure 3.18b).  

For reference see the 57Fe spin-echo NMR spectra for commercial “bulk” γ-Fe2O3 (see Figure 

3.18a, same standard described above) and commercial “bulk” Fe3O4 (see Figure 3.18c, Sigma-

Aldrich “Fe3O4, 99.99%, lot #518158”).  The relatively sharp peak at 69.9 MHz for bulk Fe3O4 

(Figure 3.18c) is attributed to Fe in the tetrahedral (A) sites.  This is in good agreement with many 

previous reports32.  The sharp peak for tetrahedral (A) site Fe is in contrast to the more distributed, 

and usually hard to observe, line shape for octahedral (B) site Fe which occurs over the frequency 

range ν ≈ 65.7 MHz to 67.3 MHz.  The spectrum for the 20% H2 mesoporous sample (Figure 

3.18b) has a distinct peak at 73.1 MHz, which is characteristic of γ-Fe2O3 and not Fe3O4.   

Furthermore, the peak at 70.3 MHz in the spectrum for the 20% H2 mesoporous sample is 

broad due to the fact that it is a combination of the tetrahedral (A) site peaks for both γ-Fe2O3 and 

Fe3O4.  This shows that the 20% H2 meso sample has both phases present, which is hard to 

determine from PXRD, particularly when dealing with nanoparticles.  The 57Fe NMR spectrum 

obtained from a second commercial lab grade magnetite bulk standard (Sigma-Aldrich “Fe3O4, < 

5 μm, 95%, lot #310069”) also showed a combination of the γ-Fe2O3 and Fe3O4 phases.  In their 

work on monodisperse iron oxide nanoparticles, S. G. Lee et al.33 have suggested using 57Fe NMR 

as a tool for distinguishing between the two spinel phases. Finally, the spin-spin relaxation time 

T2 was typically much longer than the pulse separation τ = 20 μs used to obtain the NMR spectra  



43 
 

 

735 730 725 720 715 710 705

Commercial Fe
3
O

4

 

BINDING ENERGY (eV)

20% H
2
 Meso

 

IN
T

E
N

S
IT

Y
 (

a
rb

. 
u

n
it
)

Fe 2p
3/2

Fe 2p
1/2

Fe
3+

300 
o
C Meso

 

 

 

Figure 3.19.  X-ray Photoemission Spectrum (XPS) for the 300 oC mesoporous sample (green dots are the data 

points and the green solid line is the fitting curve), 20% H2 mesoporous sample (blue dots are the data points and 

the blue solid line is the fitting curve) and the commercial Fe3O4 (black dots are the data points and the black solid 

line is the fitting curve). The Shirley backgrounds for each sample are presenting as the solid gray lines. The Fe3+ 

satellite peak (red dash line) is clearly observed for the 300 oC mesoporous sample, consistent with the γ-Fe2O3 

phase. The satellite structure of the commercial Fe3O4 is completely obscured by the overlapping Fe2+ and Fe3+ 

satellites. The Fe3+ satellite is only partially obscured by the Fe2+ satellite for the 20% H2 mesoporous sample, 

which indicates a contribution from the γ-Fe2O3 phase. 
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in this report.  (e.g., T2 ≈ 400 μs at ν = 72.0 MHz for the 300 ºC sample.)  Therefore, no T2 

correction to the measured spectra was required34. 

As shown in Figure 3.19, Fe 2p core level X-ray photoemission spectra (XPS) were 

obtained for the 300 ºC mesoporous sample and the 20% H2 mesoporous sample.  For reference, 

the XPS spectrum for the commercial standard Fe3O4 sample (lot #518158) is also shown.  The 

various iron oxides (such as γ-Fe2O3, Fe3O4, and FeO) can be distinguished from each other by 

their characteristic satellite peaks35.  The Fe 2p3/2 satellite binding energies are 715.5 eV and 718.8 

eV for the Fe2+ and Fe3+ valence states, respectively.  For the Fe3O4 commercial standard, the Fe 

2p3/2 (710.6 eV) and the Fe 2p1/2 (724.1 eV) double peaks match up with literature values35.  

However, the Fe2+ and Fe3+ satellites overlap and, therefore, the satellite structure is completely 

obscured.  Figure 3.19 shows that for the 300 ºC sample there is a clear Fe3+ satellite consistent 

with the γ-Fe2O3 phase.  However, for the 20% H2 sample, a less obvious Fe3+ satellite becomes 

apparent after a careful curve fitting.  This is consistent with the NMR results in that there is a 

contribution from the γ-Fe2O3 phase. 

 

3.4  Discussion and Conclusions 

This work presents a combined magnetization and NMR study of mesoporous iron oxide 

nanostructured materials.  The materials were prepared by a recently developed one-step soft-

templating procedure, which consists of an inverse micelle packing approach15.  The iron oxide 

phases studied were maghemite (γ-Fe2O3) and magnetite (Fe3O4).  In this study, a first series of 

three samples (nominally γ-Fe2O3) was synthesized using the soft-templating procedure with three 

different calcination temperatures (250 oC, 300 oC, and 350 oC) for 3 hrs in an air atmosphere.  A 
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second series of three samples (nominally Fe3O4) was synthesized using the soft-templating 

procedure with a temperature of 250 oC for 3 hrs in three different atmospheres (5% H2 − 95% Ar, 

10% H2 − 90% Ar, and 20% H2 − 80% Ar).  All the samples were characterized by a combination 

of LAXD, PXRD, SAXS, N2 sorption, SEM, and TEM; the results from the characterization are 

summarized in Table 3.1. 

A general review of the parameters listed in Table 3.1 shows that, in contrast to traditional 

mesoporous materials, the materials which are prepared using the new soft-template procedure 

(designated UCT materials15) exhibit an expansion of the structure with heat treatment.  The first 

series sample with calcination at 350 ºC for 3 hours appears to go against this trend; however, the 

mesoporous structure might be breaking down.  Although the N2 sorption isotherms for the first 

series samples are Type IV, the hysteresis character becomes more Type H3 with heat treatment, 

indicating slit-like pores.  However, the N2 sorption isotherms for the second series (H2 treated) 

samples are all Type IV with Type H1 hysteresis.  This is consistent with a more uniform 

cylindrical pore network.  From the SEM, TEM, and small-angle X-ray results, the general sample 

morphology can be described as spherical clusters consisting of random closed-packed 

aggregations of similar size iron oxide nanoparticles and not an iron oxide framework.  This picture 

is consistent with earlier work15-16.  The 250 ºC, 300 ºC, and 20% H2 samples are characterized by 

favorable BET surface areas all in excess of 100 m2/g. 

In the spinel structure, the O atoms form an fcc lattice and the Fe atoms are located in the 

interstitial sites of the O lattice.  There are two types of interstitial sites with: (1) Fe in the center 

of a tetrahedron (A) formed by surrounding O atoms and (2) Fe in the center of an octahedron (B) 

formed by surrounding O atoms.  Magnetite (Fe3O4) has the inverse spinel structure with all the 

tetrahedral (A) sites occupied by Fe3+ ions and an equal number of Fe2+ and Fe3+ ions occupying 
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the octahedral (B) sites.  Bulk Fe3O4 is ferrimagnetic with an ordering temperature 850 K.  The 

Fe3+ moments on the two sublattices are antiparallel and cancel leaving just the Fe2+ moments 

unpaired and a net magnetic moment of 4.0 μB per formula unit.  Maghemite (γ-Fe2O3) has the 

normal spinel structure with all the tetrahedral (A) sites occupied by Fe3+ ions and both Fe3+ ions 

and vacancies occupying the octahedral (B) sites.  Bulk γ-Fe2O3 is also ferrimagnetic with an 

ordering temperature 850 K.  The minority Fe3+ moments on the tetrahedral (A) sites are 

antiparallel to the majority Fe3+ moments on the octahedral (B) sites resulting in a magnetic 

moment of 3.33 μB per formula unit. 

Detailed magnetization and NMR measurements were carried out on selected samples from 

the six characterized in Table 3.1.  Ferromagnetic and ferrimagnetic particles with diameters in 

the nanometer range can exhibit superparamagnetic behavior at or below room temperature.  Such 

is the case for the first series samples which were calcined at different temperatures.  For the first 

series samples, the nanoparticles which form the mesoporous structure are γ-Fe2O3.  The magnetic 

field dependence of the peak in the ZFC curves (which defines the blocking temperature TB) shown 

in Figure 3.11 for the 300 oC sample, confirms that the behavior is superparamagnetic and not 

spin-glass.  The corresponding magnetization curves (hysteresis loops) obtained at various 

temperatures are shown in Figure 3.12 for the 300 oC sample.  The absence of a remanent 

magnetization and coercive field at or near room temperature also indicates superparamagnetic 

behavior and facilitates magnetic separation and recycling in any practical application36.  There is 

no real saturation of the magnetization for fields up to 50 kOe even at 10 K.  The highest 

magnetization value is approximately one third that for bulk γ-Fe2O3 (80 emu/g)28.  This reduction 

of the saturation magnetization has been attributed a variety of mechanisms: (1) spin canting, both 

surface and volume30, 37, (2) octahedral moments that are aligned antiparallel to the magnetic field30, 
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and (3) non-magnetic surface layers38.  To date, there is no clear agreement on this point.  For the 

second series samples which were heated in different H2−Ar atmospheres, the nanoparticles which 

form the mesoporous structure are mixed phase γ-Fe2O3 + Fe3O4.  As can be seen from the data in 

Table 3.1, the particle sizes are larger than those for the first series samples.  Consequently, the 

blocking temperature values obtained from the ZFC curves are higher and hysteresis behavior in 

the magnetization curves still exists at room temperature (Figures 3.14 and 3.19). 

Since the first observation of NMR in a magnetically ordered material by Gossard and 

Portis39, there have been numerous reports concerning 57Fe NMR in various bulk Fe-based metal 

oxides40.  For a recent review, see M. Fardis, et al.28.  To our knowledge, there have been only two 

previous reports of 57Fe NMR measurements on small diameter (≤ 10 nm) single-domain γ-Fe2O3 

nanoparticles. S. G. Lee et al.33 studied two samples of monodisperse iron oxide nanoparticles (7 

nm and 9.6 nm) and suggest that 57Fe is a useful tool for distinguishing between iron oxide phases.  

M. Fardis, et al.28 have studied the interparticle interactions for well-crystallized 10 nm γ-Fe2O3 

nanoparticles, both coated and uncoated.  There are two 57Fe NMR reports for larger γ-Fe2O3 

nanoparticles: (1) S.-J. Lee, et al.29 and T. J. Daou, et al.30 carried out a combined study of 57Fe 

NMR and in-field Mössbauer spectroscopy, which examined the spin canting of surface spins in 

39 nm γ-Fe2O3 nanoparticles and (2) T. J. Bastow et al.41-42 reported detailed 57Fe NMR line shapes 

for γ-Fe2O3 powders, 18 nm to 85 nm, prepared by attrition milling.  We have found no NMR 

reports in the literature for small Fe3O4 nanoparticles or iron oxide mesoporous nanostructured 

materials. 

Probably the most significant result from the NMR measurements in this work is the 

identification of the crystallographically similar γ-Fe2O3 and Fe3O4 spinel phases in the 

mesoporous nanostructured materials.  It is difficult to distinguish between these two phases with 
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XRD, particularly in the case of nanoparticles where the peaks are broadened.  As shown in Figure 

3.15, the 57Fe spin-echo NMR spectrum for the 300 oC mesoporous sample is characterized by 

peaks at 71.5 MHz and 73.2 MHz which match the peaks for the standard bulk γ-Fe2O3 sample as 

well as previously reported values for bulk γ-Fe2O3
29.  The γ-Fe2O3 phase, and only the γ-Fe2O3 

phase, is identified in the 300 oC mesoporous sample.  The magnetic field dependences for the two 

peaks (see Figure 3.16) are consistent with the peak assignments in the spinel ferrimagnetic 

structure, i.e., 71.5 MHz and 73.2 MHz for Fe in the tetrahedral (A) and octahedral (B) sites, 

respectively.  However, unlike the case for the 300 oC first series sample, both the γ-Fe2O3 and 

Fe3O4 phases are identified in the 20% H2 second series sample (see Figure 3.18).  The peak at 

73.1 MHz is attributed to Fe in the octahedral (B) sites of γ-Fe2O3 while the (broadened) peak at 

70.3 MHz is a combination of the tetrahedral (A) sites for both γ-Fe2O3 and Fe3O4.  Subsequent 

XPS spectra supported the NMR results for both the 300 oC and 20% H2 samples. 
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CHAPTER 4.  Pressure Effects on the High Sorption Capacity of 

Mesoporous Cobalt Oxide for Desulfurization at Low Temperature 

4.1  Introduction 

Hydrogen sulfide (H2S) is an intensely poisonous, corrosive, flammable, and explosive gas.  

H2S is found in natural gas and coal gas.  This water soluble gas may be oxidized into sulfur 

dioxide or sulfuric acid in the atmosphere and is adsorbed into moist soil, plant foliage, or other 

organic material.1  A low concentration of H2S will cause irritation of the eyes, nose, or throat.  

More than 100 ppm of H2S will lead to the loss of smell and 2000 ppm will kill people in minutes.  

The removal of sulfur will benefit not only the natural environment but also industrial processes, 

where sulfur is formed from corrosion and deactivation.2  Nowadays, adsorption, condensation, 

oxidation reactions, catalytic combustion and acid gas treatment are commonly used to remove 

H2S.2-4  Adsorption is one of the most widely used methods, because of its efficiency and 

reliability.  By using different sorbents, adsorption can work efficiently in a wide temperature 

range.  Studies have been done with many common sorbents, such as activated carbon, zeolites, 

modified alumina, clays, and metal oxides.3-7  The metal oxides have a high affinity for their 

sulfides.  Therefore, zinc, manganese, copper, iron, cobalt, nickel, chromium, and calcium based 

oxides have been deeply studied.6-10  The reaction equation is shown in Equation (1):1 

MxOy (s) + y H2S (g)  MxSy (s) + y H2O (g)                                                                                   (1) 

Mesoporous materials, with high surface area and highly ordered nano-structures, aid the 

solid-gas reaction.  The gas molecules would have a larger contact area with the sorbent, making 

the reaction more efficient.  In addition, the molecules might be trapped in the pores, and thus 
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extend the contact time between the solid and the gas.  Therefore, the conversion of the solid will 

be increased during the reaction.  In a previous study2, the sulfur sorption capacity of mesoporous 

Co3O4 was considerably higher than other materials, which were synthesized by a newly developed 

one-step, soft-templating method.11  When compared with the commercial, non-porous samples, 

the capacity was about 50 times better.  In this study, we determined the mechanism of this process 

by studying the effects of pressure on the same sorbent under the same reaction conditions. 

 

 

4.2  Synthesis method 

4.2.1  Sorbent Preparation 

Highly-ordered mesoporous nanostructured cobalt-oxide materials (meso-Co3O4) were 

synthesized using a recently-developed one-step, soft-templating approach.11  Reagent-grade 

chemicals were used in the synthesis.  Poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) PEO20-PPO70-PEO20 (Pluronic P123) copolymer surfactant, 1-butanol 

(anhydrous, 99.8%), and cobalt(II) nitrate hexahydrate (Co(NO3)2∙6H2O ≥ 98.0%) were purchased 

from Sigma-Aldrich.  Concentrated nitric acid (68%-70% HNO3) was purchased from J. T. Baker.  

The material was synthesized by dissolving 5.82 g (0.020 mol) of Co(NO3)2∙6H2O in 17.8 g (0.23 

mol) of a 1-butanol solution containing 2.4 g (4.31×10-4 mol) of P123 and 2.4 g (0.038 mol) of 

concentrated HNO3 at room temperature (RT).  A clear gel was obtained after stirring the above-

mentioned solution in a 150 mL beaker.  The gel was placed in an oven and maintained at 120 ºC 

for 3.5 h.  The resulting powder was washed with ethanol, centrifuged, and dried in a vacuum oven 

overnight.  The dry powder was heated at 150 ºC for 12 h and cooled down to room temperature.  
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To achieve the desired crystallite mesoporous structure, the product was calcined at 250 ºC for 1 

h. 

 

4.2.2  Sulfurization Reactor 

The sulfur sorption experiments were carried out at 200 oC.  The laboratory scale sulfur 

sorption apparatus is shown in Scheme 1.1.  In each experiment, 50 mg of mesoporous Co3O4 was 

uniformly packed in the reactor supported by quartz wool.  The back pressure was built up by the 

densely-packed sample and read from the manometer.  The pressures were controlled by the 

condensation of the sample packing in each experiment.  Prior to each experiment, the samples 

were heated at 200 oC with 40 sccm He flowing for 1 h.  During the experiments, all the flow rates 

were set at 50 sccm.  The concentration of H2S was 500 ppm, which was diluted by helium gas.  

The outlet gases were analyzed for sulfur using an SRI 8610C gas chromatograph (GC) with a GS-

GasPro capillary column (30 m × 0.32 mm I.D.) and a flame photometric detector (FPD).  A 10-

port sampling valve with an electronic actuator was used to make automatic injections into the GC 

every 10 min with He as the carrier gas.  Two mass flow controllers (MFCs) controlled the flow 

rates, feed and composition.  One of the MFCs is a MKS model 1479A with 20 sccm ± 1% full 

scale.  The other is an Alicat Scientific with 200 sccm ± 0.2% full scale.  The weight hourly space 

velocity (WHSV) was fixed at ~ 60 L/h·g. 
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4.3  Results 

4.3.1  Fresh Sorbent Characterization 

Figure 4.1a shows the wide-angle powder X-ray diffraction (PXRD) pattern of the fresh 

mesoporous Co3O4 sorbent.  The pattern matches up well with the cobalt oxide standard (PDF Card 

No. 00-042-1467).  According to the broadening of the diffraction peaks, the crystalline size of the 

sorbent sample was calculated by the Scherrer equation which is shown in Equation (2): 

D = 0.89 λ / (β cos θ)                                                                                                                    (2) 

where D is the crystalline grain diameter, β is the full width at half maximum (FWHM) of the 

diffraction peak (see Figure 4.1a), and λ is the wavelength of Cu Kα1, which is 0.15406 nm.  The  
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Figure 4.1.  (a) Wide angle X-ray diffraction pattern of the fresh mesoporous Co3O4.  (b) Crystalline size fitting 

by the Scherrer equation. 
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calculation results from each peak were averaged by linear fitting, which is shown in Figure 4.1b.  

Therefore, the average crystalline size of the fresh mesoporous Co3O4 is approximately 10.3 nm. 

The typical ordered mesoporous nanostructure of the fresh mesoporous Co3O4 was 

characterized by low-angle X-ray diffraction (LAXD), small angle X-ray scattering (SAXS) and 

N2 sorption.  Figure 4.2 shows the LAXD and SAXS of the fresh mesoporous Co3O4.  The black 

dots represent the LAXD measurement and the black solid line represents the SAXS measurement.  

Because the mesoporous structure was formed by the close-packed nanoparticles, Bragg’s law can 

be employed to calculate nanoparticle size.  The formula is given by Equation (3): 

nλ = 2d sin θ                                                                                                                                 (3) 
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Figure 4.2.  Low-angle X-ray diffraction (black solid dots) and small angle X-ray scattering (black line) of the 

fresh mesoporous Co3O4.  The red line is the slope fitting of q-3. 
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where d represents the d-spacing value between the lattice planes in Bragg’s law.  In this case, d 

is obtained by estimating the average of the fresh mesoporous Co3O4 particle size diameter,11-12 

which was about 11.8 nm.  The peak position matches the hump of the SAXS result.  The scattering 

pattern is represented by the black solid line.  The slope of the SAXS pattern was roughly fitted 

by q-3 which is identified as the solid red line in Figure 4.2.  These data show that the particles are 

formed as universally spherical shapes.  Figure 4.3 shows the N2 sorption of fresh mesoporous 

Co3O4 sorbent.  The isotherm was the typical Type IV and the hysteresis loop shape matched with 

Type H1, which represents a good mesoporous structure according to the definitions provided by 

the IUPAC.13  The pore size distribution, shown as an inserted plot, was calculated by the BJH 

method.14  The majority pore size of the material was 5.4 nm and the surface area was 186 m2/g. 
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Figure 4.3.  N2 sorption isotherm of the fresh mesoporous Co3O4 and BJH pore size distribution (inset). 
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The mesoporous nano-structure of the material was confirmed by electron microscopy.  

Figure 4.4 shows the SEM images of the fresh mesoporous Co3O4 sorbent.  The clusters were 

around 2 µm, which is shown in the inset.  The surfaces of the clusters were formed by the sponge 

like rods as shown in Figure 4.4.  The TEM images are shown in Figure 4.5.  This mesoporous 

structure can be observed in Figure 4.5a.  The particle size can be measured from the high 

resolution-TEM (HRTEM) image (Figure 4.5b), which is approximately 10 ~ 20 nm.  The result 

is consistent with data from XRD, LAXD, and SAXS.  The lattice fringes match the (111) and 

(220) planes of Co3O4.  The voids among the particles can be seen in Figure 4.5b.  In Figure 4.5c, 

the selected area electron diffraction (SAED) was taken from the 0.55 µm2 round area.  

Thediameters of diffraction rings represent the d-spacings between each of the crystalline planes, 

which match the standard pattern (PDF Card No. 00-042-1467) of Co3O4.  The crystalline plane 

indices are marked for the diffraction rings in Figure 4.5c. 

 

Figure 4.4.  High resolution LVSEM image of the fresh mesoporous Co3O4. 
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4.3.2  Pressure study on the desulfurization performance of the mesoporous cobalt oxide 

The breakthrough curves of the mesoporous Co3O4 are presented in Figure 4.6a.  The 

temperature inside the catalyst bed was maintained at 200 oC throughout the process, which is the 

optimized reaction temperature.2  The breakthrough time was longer than 26 h, when the reaction  

 

 

Figure 4.5.  (a) TEM image, (b) high resolution TEM, (c) selected area electronic diffraction of the fresh mesoporous 

Co3O4. 
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Figure 4.6.  (a) Breakthrough curves and (b) sulfur sorption capacities of the mesoporous Co3O4 under different 

reaction pressure at 200 oC. 
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pressure was 8.5 psi.  The pressure was constant during the reaction.  As shown in Figure 4.6b, 

the sulfur sorption capacity increased with the reaction pressure.  More than 101 g sulfur was 

absorbed by 100 g mesoporous Co3O4 under 8.5 psi at 200 oC.  Sulfur sorption capacities (SSC)2 

were determined, according to Equation (4) which is shown below: 

𝐒𝐒𝐂 (
𝐠−𝐬𝐮𝐥𝐟𝐮𝐫

𝟏𝟎𝟎 𝐠 𝐬𝐨𝐫𝐛𝐞𝐧𝐭
) = 𝐖𝐇𝐒𝐕× [

𝑴

𝑽𝒎𝒐𝒍
× ∫ 𝑪𝐢𝐧 − 𝑪𝐨𝐮𝐭𝒅𝒕

𝒕

𝟎
] ∙ 𝟏×𝟏𝟎−𝟒                                          (4) 

where WHSV is the weight hourly space velocity in L/h·g, M is the atomic weight of sulfur, Vmol 

is the molar volume in L/mol at standard conditions (298 K and 1 atm).  Cin and Cout are the inlet 

and outlet concentrations in ppm, and t is the breakthrough time in h.  The breakthrough time was 

the time when the outlet concentration reached 50 ppm. 
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Figure 4.7.  (a) Wide angle X-ray diffraction pattern of 8.5 psi sulfurized mesoporous Co3O4.  (b) Crystalline size 

fitting by the Scherrer equation. 
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4.3.3  Characterization of the mesoporous Co3O4 sorbent after the desulfurization 

Figure 4.7a shows the wide-angle powder X-ray diffraction (PXRD) pattern of the 

mesoporous Co3O4 sulfurized under 8.5 psi pressure at 200 oC.  The pattern matched the Co3S4 

standard pattern (PDF Card No. 01-071-4923) with small Co3O4 peaks still visible.  The crystalline 

size of the sorbent material was reduced to 6.8 nm after about 40 h adsorption reaction under 8.5 

psi at 200 oC. 

Electron microscopy was employed to study the change of the morphology of the material 

after the H2S adsorption.  Figure 4.8 shows SEM images of the sorbent after the desulfurization. 

The clusters were increased to around 2.4 μm in diameter.  A higher magnification image is shown 

in the inset in Figure 4.8, depicting the morphology of the cluster.  The particles were sintered 

during the 40 h reaction, forming into octahedral particles with a size of about 150 nm on average.15  

The HR-TEM of the sulfurized mesoporous Co3O4 is shown in Figure 4.9a.  Most of the lattice  

 

 

Figure 4.8.  SEM image of the mesoporous Co3O4 sorbent after sulfurization under 8.5 psi. 
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fringes match up with the Co3S4 (220) plane.  Several grains match with the Co3O4 (111) planes.  

The Fast-Fourier Transformation (FFT) pattern (Figure 4.9a inset) was calculated from the circled 

area indicated in the image in Figure 4.9a.  In the image, about 10 nm diameter holes are seen 

among the grains.  Figure 4.9b shows the diffraction pattern taken from the selected area shown 

in the inset TEM image.  The Co3O4 (111) diffraction ring is marked.  All other patterns matched  

 

 

Figure 4.9.  (a) High resolution TEM, (b) selected area electron diffraction, (c) elemental mapping, (d) energy-

dispersive X-ray spectroscopy. 
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Figure 4.10.  X-ray Photoelectron Spectrum (XPS) (a) the full range spectrums of fresh mesoporous Co3O4 

(blue solid line), the sorbent after 8.5 psi sulfurization reaction (red solid line), and the sulfurized sorbent 

after the TPO experiment (green solid line).  (b) high-resolution XPS spectrum of sulfur for the sorbent 

after 8.5 psi sulfurization reaction (red dots), and the sulfurized sorbent after the TPO experiment (green 

dots). 
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with the Co3S4 d-spacings (PDF Card No. 01-071-4923).  Figure 4.9c is the elemental mapping 

from the selected area shown in the inset.  The blue color represents the sulfur and the green color 

represents oxygen, which are mixed.  From the spectrum in Figure 4.9d, the atomic ratio between 

sulfur and oxygen is about 1:6. 

X-ray photoelectron spectroscopy (XPS) surface analyses of the sulfurized sorbent are 

shown in the Figure 4.10, compared to the same analyses on the regenerated Co3O4 sorbent by 

temperature programed oxidation (TPO) experiments2.  In the full range spectra (Figure 4.10a), 

the sulfur peak appears after the desulfurization reaction and decreases after the TPO experiment2.  

In the high-resolution sulfur XPS analysis (Figure 4.10b), the peak shifts to higher energy levels 

after the TPO reaction.  The area ratios of the sulfur peak and oxygen peak are 1:6 for the sulfurized 

sorbent, which is consistent with the elemental mapping.  The ratio decreased to 1:14 for the 

sorbent after the TPO reaction. 

 

 

4.4  Discussion 

According to the characterization of the fresh sorbent, the Co3O4 phase was well 

crystallized and the mesoporous structure was well defined.  The desulfurization experiments 

results are comparable with our previous work.2  The sulfur sorption capacities are increasing with 

the reaction pressure as shown in Figure 4.6b.  When the sulfur sorption capacities (SSC) 

increased, the breakthrough times of the same amount of sorbent are extended as the pressure was 

increasing. According to the kinetic theory of gases16, the number of molecules N striking each 

square centimeter of surface per second is given by 
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𝑵 =  
𝑵̅𝑷

(𝟐𝝅𝑴̅𝑹𝑻)𝟏 𝟐⁄ ,                                                                                                                                                                        (5) 

where 𝑁̅ is Avogadro’s number, P is the adsorbate pressure, 𝑀̅ is the adsorbate molecular weight, 

R is the gas constant, and T is in degrees Kelvin.  Since the measurements were taken in the 

sametemperature, the sorption capacity is expected increasing with the pressure, which explains 

the mechanism of experiment data shown in Figure 4.6.  

In Figure 4.11a, the breakthrough curve of the reaction under 8.5 psi was fitted by the 

deactivation model as in Equation (5):3 

𝑪𝐨𝐮𝐭

𝑪𝐢𝐧
= 𝐞𝐱𝐩 [−

𝒌𝟎∙𝑾

𝑸𝟎
∙ 𝐞𝐱𝐩(−𝒌𝒅 ∙ 𝒕)]                                                                                               (5) 

where 
𝑘0∙𝑊

𝑄0
 and 𝑘𝑑 can be calculated from the breakthrough curve, according to Equation (6): 

𝐥𝐧 |𝐥𝐧 (
𝑪𝐢𝐧

𝑪𝐨𝐮𝐭
)| = 𝐥𝐧 (

𝒌𝟎∙𝑾

𝑸𝟎
) − 𝒌𝒅 ∙ 𝒕                                                                                                (6)  
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Figure 4.11.  (a) the deactivation model fitting and (b) activity calculation on the breakthrough curve of the 

reaction under 8.5 psi. 
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In Equation (6), W is the adsorbent weight, Q0 is the volumetric flow rate, k0 is the initial sorption 

rate constant and kd is the deactivation rate constant.  The deactivation model is a prediction of the 

breakthrough curve of the gas-solid reaction.17-19  Compared with the saturation value of the model, 

the sorbent was converted by more than 80% during the desulfurization reaction.  These data are 

consistent with the XRD pattern (Figure 4.7a) of the deactivated sorbent.  A small amount of the 

oxide phase was observed.  The HR-TEM (Figure 4.9a) and the SAED (Figure 4.9b) are showing 

that there is a minor amount of oxide phase existing in the sorbent after the 8.5 psi desulfurization 

reaction.  According to the assumption of the deactivation model, the activity of the sorbent during 

the reaction can be estimated by Equation (7):3 

−𝑸𝟎
𝒅𝑪𝐨𝐮𝐭

𝒅𝑾
− 𝒌𝟎 ∙ 𝑪𝐨𝐮𝐭 ∙ 𝒂 = 𝟎                                                                                                       (7) 

where a is the activity of the sorbent at any time.  In Figure 4.11b, the activity of the mesoporous 

Co3O4 dropped to zero at the breakthrough point.  However, this calculation is not very meaningful 

after the deactivation of the catalyst.  The sorbent was very stable at the high activation before the 

breakthrough point. 

The X-ray photoelectron spectroscopy (XPS) analysis has shown that the sulfur peak 

appears after the desulfurization reaction.  In the Figure 4.10a, the blue solid line represents the 

XPS full range spectrum of the fresh mesoporous Co3O4 sorbent; the red solid line represents the 

one after 8.5 psi desulfurization.  After the temperature programed oxidation (TPO) reaction, the 

sulfur peak is reduced a lot.  The peak ratio of sulfur to oxygen decreases from 1:6 to 1:14.  The 

high-resolution spectrum of sulfur (Figure 4.10b) shows that the sulfur peak in the Figure 4.10a 

is the combination of the peak at 167.5 eV (SO4
2-)20 and 166.5 eV (adsorbed SO2)

20-21.  The cobalt 

sulfide on the surface was oxidized into sulfate in the air.  The adsorbed SO2 molecules were 
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formed by the trapped H2S molecules and oxidized by the sorbent during the desulfurization 

reaction.  After the TPO reaction, the adsorbed molecules might be released by high temperature 

calcination and the sorbent was completely oxidized into cobalt sulfate, which is shown as green 

dots in Figure 4.10b.  Therefore, the sulfur sorption capacity (SSC) of the regenerated sorbent was 

half recovered in our previous work.2 

The morphology of the sorbent was changed a great deal by comparison before and after 

the desulfurization reaction.  The clusters were sintered during the reaction.  The segments of the 

cluster were turned into octahedral shape (Figure 4.8) instead of the sponge-like features (Figure 

4.4).  Each of the octahedra is considered as a single-crystal particle.15  The pores of the material 

might have been blocked during the reaction.  Therefore, there is no peak or hump being observed 

from LAXD and SAXS measurements for the deactivated sorbent after the 8.5 psi desulfurization 

reaction. 

 

 

4.5  Conclusions 

This work presents a pressure study on H2S desulfurization by mesoporous Co3O4 materials 

as a sorbent.  The materials synthesized by the newly developed inverse micelle, soft-templating 

method yielded highly ordered pores about 5.4 nm in diameter and a surface area of 186 m2/g.  The 

sulfur sorption capacity was increased with increased pressure, which was maximized at 101 g 

sulfur per 100 g sorbent at 200 oC under 8.5 psi.  This capacity is about 3.4 times higher than the 

pressure free reaction.  The activation of the sorbent reached the theoretical capacity value and 
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was highly stable before the breakthrough point.  This study proved that the mesoporous structure 

successfully trapped the H2S molecules and increased the sorption capacity. 
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CHAPTER 5.  High Desulfurization Capacity Sorbent at Low 

Working Temperature: Hydrous Ferric Oxide 

5.1  Introduction 

Ferrihydrite is also called “amorphous ferric oxide” or “hydrous ferric oxide (HFO)”.1  As 

a member of iron oxides family, HFO is widely spread at the earth’s surface.2-3  This material is 

considered as a highly disordered material4 and the structure is controversial issue due to its 

nanoparticulate nature.5-6  According to X-ray diffraction, there are two different patterns for 

ferrihydrite, which are called two-line and six-line ferrihydrites.  This is due to the size differences 

of the constitutive crystallites.7-8  Hydrous ferric oxides is mostly referring to two-line ferrihydrite. 

Because of its nanocrystal formation, ferrihydrite usually forms a nanoporous structure and 

yields a large surface area which would benefit as to be an absorbent.  Chemically, the high density 

of dangling bonds and vacancies in the structure make the material have a high adsorption capacity 

in many environmental issued chemical species, such as arsenic, lead, phosphate, and organic 

molecules.9-12  In addition, the low cost compared to the other metal catalyst materials is one of 

the advantages of ferrihydrite for wide use in industrial applications. 

However, there is no report on using hydrous ferric oxide as a desulfurization sorbent.  In 

this work, porous hydrous ferric oxide is synthesized by an inverse micelle sol-gel method with 

detailed studies on sulfur sorption capacity.  The fresh sorbent and deactivate materials have been 

carefully characterized.  The sulfur sorption capacity is much higher than the other phases or other 

metal oxides.  Optimized working conditions are determined in this work as well.  Based on 
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comparison of material characterization, the mechanism of the high sorption capacity is 

investigated. 

 

5.2  Synthesis method 

5.2.1  Sorbent Preparation 

Hydrous ferrite oxide was the starting product descripted in Chapter 3.13  Reagent-grade 

chemicals were used in the synthesis.  Poly(ethylene glycol)-block-poly(propylene glycol)-block-

poly(ethylene glycol) PEO20-PPO70-PEO20 (Pluronic P123) copolymer surfactant, 1-butanol 

(anhydrous, 99.8%), and iron(III) nitrate nonahydrate (Fe(NO3)3∙9H2O ≥ 98.0%) were purchased 

from Sigma-Aldrich.  Concentrated nitric acid (68%-70% HNO3) was purchased from J. T. Baker.  

The material was synthesized by dissolving 4.04 g (0.010 mol) of Fe(NO3)3∙9H2O in 8.9 g (0.12 

mol) of a 1-butanol solution containing 1.2 g (2.04×10-4 mol) of P123 and 1.2 g (0.019 mol) of 

concentrated HNO3 at room temperature (RT).  A clear gel was obtained after stirring the above-

mentioned solution in a 150 mL beaker.  The gel was placed in an oven and maintained at 95 ºC 

for 1 h.  The resulting powder was washed with ethanol, centrifuged, and dried in a vacuum oven 

overnight.  The dry powder was heated to 150 ºC for 6 hrs and then cooled down naturally to room 

temperature.  The product was hydrous ferric oxide as the sorbent.  The sulfur sorption capacity 

was compared with the mesoporous α-Fe2O3 and mesoporous Fe3O4 from the same batch. 

As in Chapter 313, to have the mesoporous α-Fe2O3 and mesoporous Fe3O4 powder, the 

batches of hydrous ferric oxide were post calcined in wide different conditions.  Mesoporous α-

Fe2O3 was calcined at 400 oC in the air for 3 hrs.  Mesoporous Fe3O4 was heated under H2 and Ar 

mixed gas at 300 oC for 2 hrs. 
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5.2.2  Sulfurization Reactor 

The sulfur sorption experiments were carried out on a laboratory scale sulfur sorption 

apparatus which is shown in Scheme 1.1.  Fresh hydrous ferric oxide sorbent was packed in the 

reactor supported by quartz wool.  The samples were heated at 200 oC with 40 sccm He flowing 

for 1 h before each experiment.  The outlet gases were analyzed for sulfur using an SRI 8610C gas 

chromatograph (GC) with a GS-GasPro capillary column (30 m × 0.32 mm I.D.) and a flame 

photometric detector (FPD).  A 10-port sampling valve with an electronic actuator was used to 

make automatic injections into the GC every 10 min with He as the carrier gas.  Two mass flow 

controllers (MFCs) controlled the flow rates, feed, and composition.  One of the MFCs is a MKS 

model 1479A with 20 sccm ± 1% full scale.  The other is an Alicat Scientific with 200 sccm ± 0.2% 

full scale.  The weight hourly space velocity (WHSV) was fixed at ~ 60 L/h·g. 

 

5.3  Results 

5.3.1  Fresh Sorbent Characterization 
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Figure 5.1.  XRD pattern of the hydrous ferric oxide sorbent. 
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The XRD pattern of the material matches the 2-line hydrous ferric oxide pattern4 as shown 

in Figure 5.1.  Due to the nanocrystal size of the particle, the intensity of the spectrum is relatively 

low and peaks are broad, but the peak positions are matched with the standard pattern of hydrous 

ferric oxide.  The peaks are too broad to calculate the grain size. 

Figure 5.2 shows the N2 adsorption isotherm hysteresis loop of the fresh hydrous ferric 

oxide adsorbent.  The isotherm hysteresis loop shows a type I isotherm, which identifies the 

microporous powder.  The surface area is calculated by the BET method14 and Langmuir method15.  

Langmuir method is designed for describing the type I isotherm using a kinetic approach.15  From 

the BET analysis, the surface area is 198 m2/g and the pore volume is about 0.15 cc/g.  Langmuir 

method gives 230 m2/g on the analysis in the range of p/p0 0.2 ~ 0.6.  The tail of the isotherm loop 

turns upwards, which means the loop is starting to turn to a type II isotherm.  Therefore, the pore 

size should be about the upper limit of the microporous size, which is about 2 nm.  According to  
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Figure 5.2.  N2 adsorption isotherm hysteresis loop of the hydrous ferric oxide sorbent. The insert picture is the 

low-angle X-ray diffraction pattern which is referring the center-to-center distance of the close-packed particles. 
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the non-linear density functional theory (NLDFT) method16, the pore-size is about 1.2 nm which 

is consistent to the previous inference.  The low-angle X-ray diffraction pattern is presenting as 

the insert picture in Figure 5.2.  From Bragg’s law nλ = 2d sin θ, the center-to-center distance of 

the close-packed particles is about 6.2 nm. 

The high resolution TEM was equipped to confirm the nano-structure.  The particle sizes 

are observing by HR-TEM in Figure 5.3, which is smaller than 5 nm.  The voids among the 

particles can be barely observed from the image, but the particle arrangement can be identified 

from the contrast of the image.  Considering the pore size estimation of the NL-DFT method from 

the N2 sorption isotherm, the distance between the center of the close-packed particles is consistent 

with the calculation from the low-angle X-ray diffraction pattern.  The insert picture is the Fast-

Fourier Transform (FFT) pattern of diffraction.  According to the literature1, the structure of the  

 

 

Figure 5.3.  TEM image of the hydrous ferric oxide sorbent.  

The insert figure is the Fast-Fourier Transform (FFT) pattern of diffraction. 
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2-line hydrous ferric oxide is highly disordered.  The face-centered cubic (FCC) and hexagonally 

close-packed (HCP) are mixed in the material.  From the high resolution TEM, the crystallization 

of the material is very poor.  The FFT pattern represents the highly disordered cubic close-packed 

(CCP) structure.  The morphology of the cluster has been shown in Figure 5.4 in the SEM image.  

The clusters are about 1.0 ~ 2.4 µm and formed by small particles. 

 

5.3.2  Sulfur Sorption Capacity  

5.3.2.1  Phase Effect 

The different phases of iron oxides are compared in Table 5.1.  The surface areas (SA) of 

each material are listed in the table.  The porous materials have a higher sulfur sorption capacity 

(SSC) than the commercial sample, due to the large surface area.  All the experiments were 

processed at 200 oC.  Hydrous ferric oxide has the highest sorption capacity at pressure free 

 

Figure 5.4.  SEM image of the hydrous ferric oxide sorbent. 
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conditions.  Mesoporous Fe3O4 has a little higher capacity value due to the higher processing 

pressure and larger surface area. 

 

Table 5.1  Sulfur Sorption Capacity Comparison 

 Microporous 

HFO 

Mesoporous 

Fe2O3 

Mesoporous 

Fe3O4 

Commercial 

Fe3O4 

Mesoporous 

Co3O4
17 

P (psi) 0 N/A18 5 0 0 

SSC 42.3 24.8 51.4 9.8 30.3 

SA 

(m2/g) 
198 N/A18 240 6 186 

 

5.3.2.2  Flow Speed Effect 
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Figure 5.5.  Flow Rate Effect on the sulfur sorption capacity of the hydrous ferric oxide sorbent. 
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Figure 5.5 shows the flow rate effect on the sulfur sorption capacity of the sorbent.  The 

processes were under 200 oC and 0 psi.  The highest sorption capacity reaches up to 42.3 at 50 

sccm.  With the lower flow rate, the sorption capabilities are about the same, which is about 30.  

The capacity dropped back, when the flow rate is even higher. 

 

5.3.2.3  Temperature Effect 

Figure 5.6 shows the sulfur sorption capacity of the sorbent under the different 

temperatures.  The flow rates were at 50 sccm and the pressure was 0 psi.  The sulfur sorption 

capacity is increasing with the process temperature increased and reaches the highest point at 300 

oC, which is about 58.5.  However, at 400 oC, the sorption capacity dropped to the lowest point 

which is about 22.3. 
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Figure 5.6.  Temperature effect on the sulfur sorption capacity of the hydrous ferric oxide sorbent. 
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5.3.3  Material Characterization After the Sulfur Sorption Process 

The sorbent was characterized after the sorption process.  Figure 5.7 represents the high 

resolution TEM image and the elementary mapping of the hydrous ferric oxide sulfurized with a 

50 sccm flow at 300 oC.  Compared to Figure 5.4, the material is more crystallized and the grain 

size is enlarged to about 10 nm.  The cluster was sintered and fully covered by sulfur based on 

element mapping.  Oxygen might be absorbed from the air during storage and sample transfer. 

The X-ray diffraction pattern of the sorbent after the sulfurization in 50 sccm at 300 oC is  

 

 

 

Figure 5.7.  TEM image of the hydrous ferric oxide sorbent sulfurized in 50 sccm flow at 300 oC. 
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shown in Figure 5.8. The sorbent has been sulfurized during the process.  The major component 

is Fe7S8 from the XRD pattern, and there is some FeS2 and FeS mixing in with the products.  

According to the Scherrer equation which is shown in Equation (1) below, the grain size is about 

14 nm. 

D = 0.89 λ / (β cos θ)                                                                                                                    (1) 

where D is the crystalline grain diameter, β is the full width at half maximum (FWHM) of the 

diffraction peak, and λ is the wavelength of Cu Kα1, which is 0.15406 nm. 

 

5.4  Discussion 

The hydrous ferric oxide sorbent was carefully characterized before and after the 

desulfurization reaction.  According to the comparison of the result, we considered the chemical 

reaction during the process would be as shown below19: 

2 Fe(OH)3 (s)+ 3 H2S (g)  Fe2S3 (s) + 6 H2O (g)                                                                                                          (2) 
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Figure 5.8.  XRD pattern of the hydrous ferric oxide sorbent sulfurized in 50 sccm at 300 oC. 
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where Fe2S3 refers to the combination of Fe7S8, FeS2 and FeS.  Due to the different reaction 

conditions, such as pressure, flow rate or temperature, the ratio of the combination would be varied. 

Theoretically, 3 mole sulfur would be adsorbed by 2 mole iron.  Comparing with the reaction on 

the sorbent Co3O4 below:  

Co3O4 (s) + 4 H2S (g)  Co3S4 (s) + 4 H2O (g),                                                                               (3) 

every mole sulfur needs 0.75 mole cobalt, which means that more H2S would be absorbed by the 

same amount of hydrous ferric oxide sorbent. 

Figure 5.9 is representing the trapped flow rate as a polynomial function of pressure, which 

is the flow rate difference in between the gas flowing in and out of the sorbent.  The fitting function  
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Figure 5.9.  Trapped flow rate by the sorbent as a function of pressure. 

The red dots represent the experiment data and the pink curve is the polynomial fitting curve. 

The orange dotted line is the 2nd derivative curve of the fitting function. 
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is shown as below: 

𝑣 = −0.1𝑃4 + 2𝑃3 − 12𝑃2 + 36𝑃 − 32,                                                                                    (4) 

The zero point of the 2nd derivative curve (orange dot) is predicting the highest trapping rate of the 

flow, which means that the gas molecules would be trapped fastest at 6.6 psi and equivalent to 50 

sccm flow rate. Therefore, in the pressure free experiment, 50 sccm would be the optimized flow 

rate for the gas trapped by the porous sorbent.  In the flow rate study of Figure 5.5, the highest 

capacity was consistently found at 50 sccm. In addition, during the longtime heat treatment the 

sorbent might be sintered and went through a phase change, so the sorption capacity dropped 

dramatically at 400 oC in Figure 5.6. 

 

 

5.5  Conclusions 

The microporous hydrous ferric oxide sorbent was synthesized by the inverse micelle 

templating method. The sorption capacity reached 58.5 with 0 psi at 300 oC and 50 sccm, which 

is much higher than the other transition metal oxide sorbent and other phases of iron oxides at 

pressure free conditions. Process condition of 50 sccm and 300 oC are optimized for HFO. Based 

on mechanistic studies, chemical and physical sorption occur at the same time during the process. 
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FUTURE WORK 

Porous iron oxides have been carefully studied in this work, and applied as a high sorption 

capacity desulfurization sorbent for low temperature H2S removal. It would be very helpful if the 

material can be regenerated with the same porous structure, which will be greatly benefit industrial 

usage. 

Based on the understanding on the desulfurization process and the study on HFO and 

mesoporous Co3O4 sorbent, an even higher sorption capacity sorbent is expected. For example, the 

porous CoFe2O4 or other elements doped into these materials should lead to large surface area 

materials that are possibly formed and easily regenerated with high sorption capacity. 

According to the magnetic studies on the mesoporous iron oxides in this work, the other 

magnetic transition metal oxides or the mixed metal oxides in the porous structure are expecting 

to create unusual magnetic properties, which would be good for further applications. For instance, 

porous materials are widely applied for drug delivery, such as porous silicon (Anglin in Adv. Drug 

Delivery Rev., 2008) and porous metal-organic-frameworks (Horcajada in Nat. Mater., 2010). 

With the combination of iron oxide and silicon, Beg and co-workers published their porous Fe3O4-

SiO2 material as a drug nanocarrier in J. Magn. Magn. Mater. recently. As reported, this material 

has a good drug loading and release efficiency. Furthermore, the high R2 relaxivity value supports 

this material as a high-performance magnetic resonance imaging (MRI) contrast agent, which 

might allow such drugs to be tracked during transportation. 

In addition, iron oxides have been studied as anode materials for batteries. As Arico and 

co-workers reported in Nature Material, the nanoparticle sizes, porous structures, and large surface 
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areas will be very helpful for increasing the recharging capability. By tuning the phases and pore 

sizes of these materials, battery stability might be improved and this is expected. 
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