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Abstract 
 

Mesoporous Inorganic Materials for the Desulfurization of Jet Fuel 

By  

Jessica Marie Palomino 

 

A major goal of the U.S. military is to use solid oxide fuel cells (SOFCs) as a 

power source during military silent watch missions. Fueling these SOFCs with JP-8, 

the military’s primary fuel type, would be ideal. However, the organosulfur 

compounds present quickly poison the expensive fuel cell and reformer components, 

drastically limiting the lifetime of the SOFC. Furthermore, current desulfurization 

technology is unable to produce ultra-low sulfur content JP-8 fuel required for solid 

oxide fuel cells (SOFCs). 

The current desulfurization technique for fossil fuels is hydrodesulfurization, 

which is a high temperature, high pressure process that must be done at a refinery. 

While this process is adequate for achieving low sulfur content in lighter fuels such as 

gasoline, it is ineffective at removing the bulkier organosulfur compounds found in 

JP-8. Adsorptive desulfurization is a promising alternative to hydrodesulfurization, as 

it has the potential to be a portable, on-site process performed on JP-8 stocks already 

in the field without needing additional hydrogen as is the case with 

hydrodesulfurization. These adsorptive materials are high surface area sorbents with 

pore sizes large enough to accommodate sulfur contaminants, and typically these are 



xiii 

loaded with d- or f-block metals in ionic, metallic, or oxide form to serve as active 

sites. 

Hierarchical mesoporous monoliths, synthesized using Zeolite Y and Al-SBA-

15 with agarose as a templating agent, were explored as possible adsorptive 

desulfurization materials. Al-SBA-15 monolith was found to be more effective than 

the Zeolite Y monolith, which is attributed to the difference in pore size between 

Zeolite Y and Al-SBA-15. However, there was essentially no difference in capacity 

between the monolith form of Al-SBA-15 and its bulk powder form. Therefore, 

hierarchical monoliths were not further explored and experiments on bulk Al-SBA-15 

were continued. 

Three types of SBA-15 were investigated: pure silica SBA-15, aluminoslicate 

SBA-15 (Al-SBA-15), and aminopropyl-functionalized SBA-15 (APS-SBA-15). 

Various metal ions were loaded into the frameworks and their loading procedures 

were evaluated. Ag+ was found to have the highest adsorption capacity, and loading 

via wet impregnation was beneficial compared to ion exchange procedures. 

Ultimately, 18 wt.% Ag-Al-SBA-15 was found to have an adsorption capacity of 

31.47 mgS/g in JP-8. However, Ag-MCM-41 compared to silver loaded SBA-15 and 

its derivatives was found to be more effective. 

MCM-41, aluminosilicate MCM-41 (Al-MCM-41), and MCM-41 

nanoparticles (MSN) were next explored as higher surface area alternatives to SBA-

15 and Al-SBA-15. Ag loaded Al-MCM-41 displayed a high desulfurization capacity, 

but poor reproducibility after regeneration. While silver loaded MCM-41 displayed a 
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slight decrease in capacity, it had a highly reproducible regenerability of ~ 70%. 

Silver-loaded MSN displayed a four-fold greater performance towards JP-8 fuel over 

previously reported sorbents, whereas MCM-41 displayed a three-fold greater 

capacity than previous reports.  Silver-impregnated MSN and MCM-41 were found to 

have saturation adsorption capacities for JP-8 of 32.6 mgS/g and 25.4 mgS/g, 

respectively.  MSN also displayed a high capacity for the sterically hindered 4,-6-

dimethyldibenzothiophenes along with a breakthrough capacity of 0.98 mgS/g at 

10ppmwS, which is twice that of other published materials. 

In an effort to produce novel sorbents with both high surface areas and active 

surfaces, we produced a series of silica-zirconia mesoporous materials. Three long-

chain primary alkylamines were explored: octylamine, dodecylamine, and 

hexadecylamine, as well as a variety of Si:Zr ratios. These frameworks were loaded 

with Ag via wet impregnation and tested with model fuels. The optimum material, 

Ag-DDA-15, produced using dodecylamine and a Si:Zr ratio of 15:1 and 12 wt.% Ag, 

displayed almost as high of a desulfurization capacity as Ag-MSN, but with a far 

superior silver efficiency. Ag-DDA-15 also shows better regenerability than Ag-

MSN, maintaining 80% of its capacity on the second cycle, compared to 70% with 

Ag-MSN.  
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Chapter 1 
 
 

Adsorptive Desulfurization of JP-8 Fuel 

 

 

Abstract 

The desulfurization of JP-8 fuel is of particular interest to the U.S. military 

because of its potential use as a fuel source for solid oxide fuel cells (SOFCs). SOFCs 

can be used to supply a steady stream of power during military silent watch missions. 

Adsorptive desulfurization is a promising alternative to hydrodesulfurization, which 

is unable to remove refractory sulfur compounds to achieve the ultra-low sulfur levels 

necessary to prevent poisoning of SOFCs. In addition, adsorptive desulfurization 

could be a portable, on-site process performed on JP-8 stocks already in the field. 

Herein we review the current status of adsorptive desulfurization specifically 

performed on JP-8 fuel. Currently, the best performing sorbents are those utilizing 

high surface area porous frameworks with pore sizes large enough to accommodate 

sulfur contaminants. Additionally, a variety of metals in ionic, metallic, and oxide 

form serve as promising active sites within these sorbents. 
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1.1 Introduction 

1.1.1 Environmental and Health Consequences 

The U.S. Environmental Protection Agency (EPA) and European Union are 

continuously imposing more rigorous mandates for the allowable sulfur content in 

transportation fuel.  The EPA’s Tier 3 program requires that gasoline will not contain 

more than 10 ppm sulfur by 2017.1  Similarly, diesel fuel was capped at 15 ppm 

sulfur in 2006. Currently, jet fuel, including commercial and military grades, is 

specified to not exceed 3000 ppmw S.  The driving force behind the EPA’s sulfur 

content mandates are related to health and environmental factors associated with 

sulfur emissions primarily from ground transportation vehicles. Burning sulfur 

containing fuel causes the release of sulfur oxide (SOx) compounds into the 

environment. SO2 emissions contribute to acid rain formation, which is particularly 

harmful to ecosystems.2, 3 SOx emissions also contribute to the formation of airborne 

particulate matter in the atmosphere which poses a threat to the human cardiovascular 

and respiratory systems.3-6 It is estimated that the widespread use of ultra-low sulfur 

jet fuel in aviation could prevent approximately 2300 premature mortalities annually.7 

 

1.1.2 Fuel Cell Requirements 

Hydrogen fuel cells provide a low emission energy alternative to traditional 

combustion engines, with reduced SOx, NOx, hydrocarbon, and CO2 release. In 

addition to being a source of clean energy, fuel cells are also of particular interest to 

the military for auxiliary power units. Fuel cell power units are doubly advantageous 



 3 

in that they are nearly silent (compared to conventional onboard generators), and 

overcome the energy density limitations of conventional battery systems by utilizing 

much more energy dense JP-8 (Jet Propellant 8) fuel. These auxiliary power units 

would be especially useful on silent watch missions where conventional generators 

are too loud. Solid oxide fuel cells (SOFCs) are currently being considered by the 

military to fill this need. 
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Figure 1.1 General overview of the components of a SOFC and the process for 
converting fuel into an electrical current. Hydrogen gas is oxidized at the anode 
(gray) and oxygen is reduced at the cathode (lilac). Oxygen ions are transported 
across the solid electrolyte (magenta). 
 
 
 SOFCs are of interest because they are energy efficient, have long lifetimes, 

and can be used with a variety of fuels.8 Figure 1.1 shows the general configuration of 

an SOFC.  Hydrogen gas (fuel) is supplied to the anode where it is oxidized and 



 5 

oxygen is supplied to the cathode where it is reduced. The anode is typically 

composed of nickel dispersed in a porous metal oxide cement.8 The cathode, which 

must also be porous, is typically composed of strontium-doped LaMnO3.
8 A solid 

electrolyte, typically yttria-stabilized zirconia, allows for the oxygen ions to be 

transported where they can react with hydrogen ions to form water.8  With the 

addition of a catalytic partial oxidation (CPOX) reformer, energy dense fuels such as 

JP-8 can be used as the hydrogen feedstock for SOFCs. The CPOX reformer converts 

the hydrocarbon chains to hydrogen gas and carbon monoxide with the addition of 

oxygen and a catalyst, which is made of supported precious metals such as Rh, Pt, or 

Pd.9, 10 Sulfur compounds present in the fuel are capable of poisoning the CPOX 

catalyst by binding to these precious metals, reducing its effectiveness and lifetime. 

Additionally, sulfur compounds can poison the SOFC itself, binding to the nickel 

anode and decreasing the number of surface sites available for oxidation.  Hu et al. 

have shown that untreated JP-8 (3000 ppmwS) significantly deactivates the Pd/ZnO 

catalyst in as little as 3 hours of use.11  Therefore, in order to keep SOFCs efficient 

and cost-effective, the fuel source must be desulfurized to as low of a sulfur level as 

possible. 

 Table 1.1 shows the electrical efficiency of SOFCs compared to other fuel 

cells and internal combustion engines. Internal combustion is far less efficient than 

fuel cells and also produces more harmful emissions. SOFCs are advantageous 

compared to other fuel cells not only because of their high efficiencies, but their solid 

construction allows them to be made in various shapes and sizes, and their 
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components are reasonably affordable. However, they do require high operating 

temperatures typically around 800 oC.12 

 

Table 1.1 Approximate lower heating value (LHV) electrical efficiencies of different 
fuel cells compared to an internal combustion engine12, 13 
 

Fuel Source Electrical Efficiency 

Solid Oxide Fuel Cell 45-65% 

Molten Carbonate Fuel Cell 45-65% 

Phosphoric Acid Fuel Cell 37-42% 

Polymer Electrolyte Fuel Cell 35% 

Internal Combustion Engine 20-30% 

 

 JP-8 is an ideal fuel source for SOFCs, as it is the main fuel source used by 

the military and typically already on-site for other applications. It is also much safer 

to ship and store compared to other fossil fuels, and has a high energy density. Table 

1.2 shows the energy density of JP-8 compared to other fuels. Its gravimetric energy 

density is significant compared to compressed hydrogen gas and especially compared 

to lithium ion batteries. However, the sulfur content can range from the hundreds to 

several thousand ppmwS.  
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Table 1.2 LHV gravimetric and volumetric energy densities of common fuel sources 
including JP-8 compared to the energy density of lithium ion batteries 
 

Fuel Energy Density (MJ/L) 
Energy Density 

(MJ/kg) 

JP-814 34.5 43.4 

Diesel14 36.2 42.5 

Gasoline15 32 44 

Hydrogen (liquid)15 120 8 

Methanol16 15.6 19.7 

Lithium Ion Battery17 N/A 0.6 

 

 

1.1.3 JP-8 Composition 

JP-8, a military grade jet fuel, has been the main fuel used by the US military 

for the past several decades, replacing its predecessor JP-4 as a much safer 

alternative.18 The use of JP-4 in combat situations had directly resulted in causalities 

due to fires and explosions, prompting the evaluation of a safer fuel. JP-8 has much 

more favorable vapor pressure and flashpoint compared to JP-4, and is available in 

considerable quantities.  With the exception of the Navy, JP-8 is now used in all 

branches of the US military and on NATO bases around the world. The Navy uses JP-

5 onboard its ships. JP-5 is slightly safer than JP-8, reducing the chance of fire or 
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explosion while at sea, but it is more expensive so it is not used for naval ground 

applications or in other branches of the U.S. Military.18, 19 

JP-8 is a kerosene type fuel, similar in composition to commercial Jet-A fuel, 

but with additional additives to inhibit icing and corrosion.20 It consists primarily of a 

mixture of aliphatic and aromatic hydrocarbons ranging in length from C9 to C16, 

including paraffins and naphthalenes.21 The non-sulfur components of JP-8 are highly 

variable, as shown by Natelson et al. (Table 1.3 and in more detail in Table 1.4).22 

 
Table 1.3 General composition of three different samples of JP-8, obtained from 
Wright-Patterson Air Force Base, determined using a pressurized flow reactor22 
 

Composition JP-8 
Sample 1 

JP-8 
Sample 2 

JP-8 
Sample 3 

Aromatics (vol. %) 16.3 18.1 15.9 

Olefin (vol. %) 0.9 1.3 0.7 

Naphthalenes (vol. %) 1.0 N/A N/A 

Hydrogen content (mass %) 13.7 13.8 13.9 

Total sulfur (mass %) 0.14 0.04 0.07 
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Table 1.4 Detailed composition of one sample of JP-8 determined using a pressurized 
flow reactor22 
 

Class JP-8 Sample 3 (vol.%) 

Paraffins (n- and i-) 57.2 

Cycloparaffins 17.4 

Dicycloparaffins 6.1 

Tricycloparaffins 0.6 

Alkylbenzenes 13.5 

Indans/tetralins 3.4 

Indenes < 0.2 

Naphthalene < 0.2 

Naphthalenes 1.7 

Acenaphthenes < 0.2 

Acenaphthylenes < 0.2 

Tricyclic aromatics < 0.2 
 
 
 

JP-8 also contains a variety of organosulfur compounds, which vary based on 

when and where the sample was obtained. Ubanyionwu and coworkers analyzed the 

JP-8 fuel over time from Fort Belvoir, VA.20 The summary of their findings are in 

Table 1.5. They were able to positively identify seven compounds from the sixteen 

distinct peaks, with the major sulfur contributors being 2,3-dimethylbenzothiophene 

and 2,3,7-trimethylbenzothiophene (structures shown in Figure 1.2).20 
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Figure 1.2 The two major sulfur contaminants in JP-8: 2,3-dimethylbenzothiophene 
(left) and 2,3,7-trimethylbenzothiophene (right). 
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Table 1.5 Detailed organosulfur content of four different JP-8 samples as determined 
by GC.20 
 

Retention 
time of 

peak (min) 
Compound assignment 

Amount (% of total sulfur concentration) 
 

June 
2003 

Oct. 
2004 

July 
2005 

April 
2006 

< 6.726 unidentified 36.01 32.75 37.1 34.75 

6.726 unidentified 1.8 1.69 1.66 1.91 

6.789 unidentified 1.4 1.97 1.75 1.73 

7.263 2,7-Dimethylbenzothiophene 2.03 2.32 2.93 2.49 

7.324 Dimethylbenzothiophene isomers 2.57 2.12 3.02 2.19 

7.391 Dimethylbenzothiophene isomers 1.8 1.84 1.99 1.89 

7.430 Dimethylbenzothiophene isomers 1.54 1.39 2.52 2.12 

7.490 3,5-Dimethylbenzothiophene 1.24 1.39 1.09 1.29 

7.534 2,3-Dimethylbenzothiophene 5.36 5.36 5.98 5.39 

7.909 
Trimethylbenzothiophene 
isomers 

1.68 1.47 1.5 1.51 

7.961 2,5,7-Trimethylbenzothiophene 0.96 1.21 1.51 1.1 

8.021 
Trimethylbenzothiophene 
isomers 

1.22 1.22 2.11 1.92 

8.059 
Trimethylbenzothiophene 
isomers 

1.68 1.39 1.09 1.34 

8.129 2,3,7-Trimethylbenzothiophene 5.72 5.3 3.92 4.11 

8.237 
2,3,5-Trimethylbenzothiophene/ 
2,3,6-Trimethylbenzothiophene 

2.35 1.96 2.19 2.61 

8.505 unidentified 0.82 0.96 0.72 1.12 

8.715 unidentified 1.23 0.9 0.74 0.94 

9.998 Dibenzothiophene 0.89 0.77 0.23 0.44 

11.11 unidentified 0.74 0.75 0.09 0.2 

Total 
ppmwS 

 325 396 1096 648 
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Materials for desulfurization are often tested on JP-5 in lieu of JP-8. It should 

be noted that JP-5 is inherently easier to desulfurize than JP-8 due to its lower 

trimethylbenzothiophene content compared to JP-8. This difference is succinctly 

demonstrated by Tatarchuk and coworkers.  A TiO2 sorbet loaded with 4 wt.% Ag 

had more than twice the adsorption capacity when tested in JP-5 compared to JP-8.  

Further, the sorbent was able to achieve sub 10 ppmwS levels in JP-5 but not JP-8.23 

 

1.1.4 Current Desulfurization Method – Hydrodesulfurization 

Currently, fossil fuels are desulfurized through the process of 

hydrodesulfurization (HDS). As shown in Figure 1.3, hydrogen gas activates the 

catalyst, typically unsupported solid MoS2, creating a coordinatively unsaturated site. 

The sulfur atom on the organosulfur compound is able to attach to this coordinatively 

unsaturated site resulting in the removal of a sulfide and hydrogenation.24  
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Figure 1.3 The general process for hydrodesulfurization. The MoS2 catalyst (teal) 
reacts with hydrogen to create a sulfur vacancy where the sulfur of a nonsterically 
hindered organosulfur compound can bind (shown as thiophene). Upon addition of 
more hydrogen, the hydrogeneation occurs releasing a hydrocarbon (in the case of 
thiophene, butane could be released). And as more hydrogen is added the catalyst 
releases H2S again, allowing the catalyst to be reused. A sterically hindered 
organosulfur compound, however, (shown as trimethylbenzothiophene, bottom of the 
figure) cannot bind to the sulfur vacancy and therefore cannot be reduced. 
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This process is highly effective for lighter fuels such as gasoline, where the 

EPA limit can be easily reached. Heavier fuels that contain larger organosulfur 

compounds such as methylted benzothiophenes and dibenzothiophenes (Figure 1.3), 

however, cannot be desulfurized by this process. If the sulfur in the compound is 

sterically hindered, it will be unable to bind to the catalyst and thus will remain in the 

fuel. These remaining sulfur compounds are known as refractory sulfur compounds 

because they remain in the fuel despite the HDS process.  
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Figure 1.4 The common types of organosulfur compounds found in fossil fuels, 
categorized by their difficulty to be removed via hydrodesulfurization. 
 
 

JP-8 is rich in methylated benzothiophenes and thus HDS is not an effective 

method of desulfurization for JP-8. Figure 1.4 shows the relative effectiveness of 

desulfurization towards a variety of organosulfur compounds found in fuels. As the 

organosulfur compounds become larger and more methylated, the sulfur atom 

becomes less likely to attach to the HDS catalyst.  There are other drawbacks of HDS, 

including non-selective hydrogenation which lowers the octane level of the fuel and 
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the use of hydrogen, resulting in an overall poor hydrogen economy. In addition, 

HDS must be performed at a refinery as it is a high pressure, high temperature 

process. Ideally, fuels for use in SOFCs would be capable of desulfurization to 

specification onsite and under ambient or near-ambient conditions, as the entire 

stocks of JP-8 used by the military do not need to be desulfurized to the standards 

required by SOFCs (sub 1 ppmwS). 

 

1.2 Current Research Directions and Adsorptive 
Desulfurization Frameworks 
 

A variety of desulfurization techniques are being explored to address the 

sulfur content in fossil fuels, including JP-8. Advances are being researched in 

hydrodesulfurization and other higher temperature catalytic processes to try and 

achieve lower sulfur content in JP-8,25, 26 though would not be a viable portable 

process. Low temperature oxidative catalytic desulfurization processes are also being 

explored,27-30 including some involving the assistance of sonication.31-33 Additional 

more exotic techniques of desulfurization have been explored on other transportation 

and model fuels. These less traditional techniques include extraction using ionic 

liquids34-38 and biodesulfurization39-42 which utilizes bacteria. These techniques, while 

effective, are not as portable as adsorptive desulfurization, which is ideal for field 

applications. 

This review will focus on adsorptive techniques, as this process has both 

yielded promising results and is likely the most viable for onsite applications of 



 17 

SOFCs in the military. Herein we will limit our scope to techniques employed on JP-

8 and light JP-8 (light refers to a lighter fraction or cut of fuel obtained by distillation) 

as: (i) it is the primary fuel used by the military, and (ii) because it is more difficult to 

desulfurize than other military fuels, namely JP-5.  Therefore, any techniques proven 

useful on JP-8 will be effective on other grades of jet fuel. 

There are several key qualities that are ubiquitous among desulfurization 

frameworks. Namely, they tend to be porous in nature to afford for very high specific 

surface areas, creating a significant amount of area for adsorption within a small 

volume. They are typically composed of low cost materials, usually metal oxides. 

They are usually loaded with metal active sites for enhanced adsorption, in either 

metallic, ionic, or oxide form. The frameworks can have unique surface properties, 

such as surface acidity or ligand functionalization, that help in the dispersion of the 

active sites or actually aid in the adsorption process. And lastly, these sorbents must 

be capable of regeneration for them to be applicable for usage by the military. 

 

1.2.1 Nanoporous Zeolites 

Zeolites have been used as sorbents for a myriad of applications; their high 

surface area, pore size, and framework charge make them an attractive option. Their 

negatively charged framework allows them to easily be loaded with transition metal 

ions, making them a candidate for adsorptive desulfurization. 
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1.2.1 (a) Zeolites for Desulfurization 

Zeolites loaded with a variety of metals have been explored for the 

desulfurization of fossil fuels.43-50 Yang and coworkers investigated Cu+ (obtained by 

reduction of Cu2+ exchanged Zeolite Y) and Ag+ exchanged Zeolite Y.45, 51 

Cu+/Zeolite Y can achieve sub 1 ppmwS for commercial diesel and can be 

successfully regenerated thermally to retain 95% of its capacity. The same material 

can be solvent regenerated with dimethylformamide or carbon tetrachloride, both 

yielding essentially 100% regeneration.51 Higher performance was found for Cu+ 

compared to Ag+ exchanged zeolites.45, 51 However, Cu+ is less stable than Cu2+, so to 

obtain Cu+/Zeolite Y, Zeolite Y exchanged with Cu2+ must be reduced by heating to 

450 oC in helium for 18 hours.51 Further zeolite testing by the same group showed 

that desulfurization performance follows Cu+ > Ni+ > Zn2+, which agreed with their 

molecular orbital calculations.43 Cu+ vapor phase ion exchanged Zeolite Y was 

explored for desulfurization of a commercial jet fuel with a similar composition to JP-

8.50 Using fixed bed experiments, they achieved a saturated adsorption capacity of 

23.2 mgS/g for commercial jet fuel (original sulfur content: 364 ppmwS).50 

 

1.2.1 (b) Effect of Extraframework Metal on Desulfurization of JP-8 

Song and coworkers tested a variety of transition metal loaded zeolites, shown in 

Table 1.6, with JP-8 fuel (750 ppmwS) at 80 oC.44 
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Table 1.6 Loading composition, measured using ICPES, and adsorption capacities in 
JP-8 (750 ppmwS) at 80 oC44 
 

Sorbent Metal Loading (wt.%) Adsorption Capacity 
(mgS/g) 

Ni2+/Zeolite Y 1.3 2.0 

Cu2+/Zeolite Y 8.9 0.3 

Zn2+/Zeolite Y Not Determined 0 

Ce3+/Zeolite Y 21.8 2.7 

Pd2+/Zeolite Y 0.7 2.6 

H+/Zeolite Y N/A 1.3 

   
   

Ce3+ and Pd2+ are particularly useful in the removal of organosulfur 

compounds. The Pd2+ exchanged zeolite, however, displays much better efficiency: it 

gave a nearly identical absorption capacity to Ce3+ with significantly less metal 

loading.44 The authors attribute this efficiency to the possible location of Pd2+ in 

accessible alpha supercages, whereas most of the Ce3+ may be in the inaccessible 

small beta cages of the zeolite (Figure 1.5).44  They also attribute the higher efficiency 

of Pd2+ to its ability to form π-complexes, whereas Ce3+ likely only forms direct S-M 

interactions.44 They explored other variables such as desulfurization temperature. 

With the Ce3+ exchanged zeolite, the capacity decreased when adsorption studies were 

performed at 120 oC.44  Overall, Pd2+ could make for a more affordable choice for 

desulfurization, even though it is more expensive than cerium: only a small amount of 
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palladium is needed compared to cerium to achieve essentially the same adsorption 

capacity. 

 

 

 
Figure 1.5 The location of different types of ions within zeolite Y. 

 

1.2.1 (c) Effect of Loading Procedure on Desulfurization 

Song and coworkers also compared two versions of Ce3+ Zeolite Y, one 

calcined after exchange and one uncalcined, and found the former has a higher 
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adsorption capacity. This was attributed to the calcined sample containing more Ce4+ 

which could have a more polarizing effect on the organosulfur compounds.44 Ion-

exchanged Zeolite Y also performed better than Zeolite Y loaded with 30 wt.% Ce 

via wet impregnation, which they attributed to less dispersion and possibility of 

crystallized ceria reducing the porosity.44 Under the various conditions and metals 

explored, the lowest sulfur content obtained for 750 ppmwS JP-8 was only 

approximately 200 ppmwS.44 

Using light fractioned JP-8 and further exploring metal loaded zeolites, they 

were able to achieve sub ppmwS fuel.52 The optimized adsorbent was Zeolite Y that 

had been ion exchanged for nickel three times followed by reduction by heating to 

600ºC in hydrogen for 4-5 hours.52 Again, they saw that ion exchange was superior to 

wet impregnated samples.52 They also found benefits of having K+ as a co-cation, 

attributing this to the ability of K+ to improve reduction of Ni2+ and improve 

distribution and prevent crystal clusters.52 It is also thought that the metallic nickel is 

capable of forming direct S-M bonding, whereas unreduced forms mainly π-complex 

which is less selective, as there are a variety of aromatics in jet fuel.52 

 

1.2.1 (d) Framework Properties 

Model fuel studies and molecular modeling performed with benzothiophene 

and dibenzothiophene on Zeolite Y reveal that benzothiophene is just small enough at 

~7 Å free diameter to fit into the ~8 Å pore free aperture of Zeolite Y.53 While Zeolite 

Y provides a high surface area framework for adsorption, it is likely that the larger di- 
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and tri-methylbenzothiophenes are incapable of making their way into the porous 

framework. This explains the above phenomenon seen by Song and coworkers, where 

exchanged zeolites were only able to achieve sub ppmwS levels for light fraction JP-8, 

which would not contain the larger more methylated benzothiophenes. Ultimately, 

this size exclusion is responsible for the lower adsorption capacities of zeolites 

compared to the frameworks mentioned hereafter. Overall, zeolites are an effective 

framework for removing small organosulfurcompounds, but their pore size excludes 

them from being effective for use on heavier fuels like JP-8. 

 

1.2.2 Silica Frameworks 

1.2.2 (a) Silica Frameworks for Desulfurization  

Silica has been widely explored for adsorptive desulfurization in general, with 

a focus on mesoporous silica including MCM-41 (a hexagonal array of 1D pores, 

typically ~2-4 nm in diameter), SBA-15 (analogous to MCM-41 with ~4.5-30 nm 

pore diameter), and silica gel.54-58 Mesoporous silica is of interest because of its very 

high specific surface area. MCM-41 or SBA-15 frameworks loaded with metal ions 

or metal oxides have been tested for adsorptive desulfurization with JP-5. The results 

are summarized in Table 1.7.  
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Table 1.7 MCM-41 and SBA-15 based sorbents tested with JP-5 fuels, listed by 
saturation adsorption capacity 
 

Framework Metal  
Metal 

Loading 
(mmol/g) 

Surface 
Area 

(m2/g) 

Breakthrough 
Capacity 

(mgS/g) at  
50 ppmwS 

Saturation 
Capacity 
(mgS/g) 

SBA-1556 Pd2+ 2.6 358 32.1 38.5c 

MCM-4158
 Ag+ 2.21 490 15.7*  32.1d 

SBA-1558 Ag+ 1.77 408 10.3*  29.2d 

SBA-1556 Cu+ 5.1 411 19.9 25.7c 

MCM-4156 Pd2+ 3.1 502 10.9 16.0c 

MCM-4156 Cu+ 5.7 456 7.7  14.4c 

MCM-4159 Cu2O
a 6.3 490 9.9 12.8c 

MCM-4159 Cu2O
b 6.3 523 5.1 10.3c 

SBA-1559 Cu2O
a 4.7 400 5.1 9.6c 

 

aCalcined at 700 oC; bCalcined at 550 oC; cTested with JP-5 light 841 ppmwS; dTested 
on JP-5 1172 ppmwS. *Breakthrough capacity at 10 ppmwS. 
 

Cu+ and Pd2+ loaded MCM-41 and SBA-15 were prepared by activation at 

550 oC (helium was used for MCM-41, air for SBA-15) followed by spontaneous 

monolayer dispersion, which entails mixing the metal halide and framework and 

heating at a high temperature under helium for 24 hours.56 Ag+ loading was achieved 
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through wet impregnation, and cuprous oxide loading was achieved by wet 

impregnation followed by autoreduction in helium.58, 59 The general procedure for 

synthesizing these mesoporous frameworks is shown in Figure 1.6. 
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Figure 1.6 The general synthetic method for producing mesoporous silica 
frameworks. Typically includes the self assembly of a surfactant (1) followed by the 
addition of a silica precursor (2). This precursor condenses around the surfactant (3) 
and the surfactant can then be removed typically via reflux or calcination (4) to yield 
the mesoporous silica framework. 
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The comparison between Cu+ and Pd2+ revealed that Pd2+ is superior because 

it has greater breakthrough and saturation capacities while being loaded with less 

metal than the Cu+ samples.56 The authors attributed this to the higher selectivity of 

Pd2+ because it forms a stronger π-complexation than Cu+. Pd2+ SBA-15 outperformed 

Pd2+ MCM-41, in spite of only being loaded with 84% the amount of Pd2+.56 The 

higher performance is attributed to the larger pore size of SBA-15, approximately 

double that of MCM-41, which better allows for diffusion within the pores.56 The 

authors did not specify, however, the effect of atmosphere (air for MCM-41; helium 

for SBA-15) on the results. The best sorbent from the group Pd2+/SBA-15 was 

regenerated via benzene solvent regeneration at 70 oC and retained only 

approximately half of its saturation adsorption capacity.56 

The comparison of Ag+/MCM-41 and Ag+/SBA-15 revealed that in this case 

MCM-41 performed better than SBA-15, which conflicts with the results seen with 

Pd2+ loaded frameworks.58 The authors contribute this reverse trend to the higher 

surface area of MCM-41 while loaded as well as a higher silver content.58 

Comparison of the ratios of adsorbed sulfur to silver reveal similar results between 

the two frameworks, furthering the idea that any difference in pore size, if greater 

than that of the sulfur containing molecules, do not affect adsorption.58 Ag+/MCM-41 

was thermally regenerated in air to maintain only 50% of its saturation capacity on 

both the second and third cycle.58 
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The desulfurization results of cuprous oxide supported on MCM-41 and SBA-

15 confirm the results that the larger pore size and volume of SBA-15 is not 

beneficial; rather, the higher surface area of MCM-41 makes it a better framework.59 

Reduction temperature was also explored, revealing that reduction at 700 oC is more 

effective than 550 oC, resulting in more conversion to Cu2O and therefore a greater 

adsorption capacity.59 Thermal regeneration was also employed on these materials, 

resulting in 100% regeneration.59 

 Overall, these studies reveal the superior performance of free transition metal 

ions compared to transition metal oxides when it comes to both saturation capacity 

and breakthrough capacity. SBA-15 loaded with 5.1 mmol/g Cu+ has almost three 

times the saturation capacity and four times the breakthrough capacity of SBA-15 

loaded with almost an equivalent amount of Cu2O. The metal oxides are more 

successful, however, at regeneration. This regenerability can be attributed to the oxide 

layer being bound to the surface through more covalent interactions, whereas the 

molecular metal ions are more weakly interacting with the surface. Additionally, the 

process of regenerating the metal ion materials may produce a metal oxide, which 

explains the initial loss of capacity for Ag+/MCM-41 when thermally regenerated 

(conversion from metallic ion to oxide) followed by maintaining its capacity when 

regenerated a second time. Between the metal ions tested, Pd2+ is likely the best, 

followed by Ag+ and Cu+, although testing of all three under the same conditions need 

to be studied. 
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1.2.2 (b) Silica Frameworks for the Desulfurization of JP-8 

In addition to the highly ordered mesoporous silica frameworks of MCM-41 

and SBA-15, silica gel is also a viable option as it is porous, low cost, and readily 

available. Song and coworkers studied a silica gel loaded with 5.0 wt.% of an 

undisclosed metal compound prepared by an undisclosed procedure.60 They report 

GC chromatographs of diesel fuel before and after treatment, demonstrating a 

reduction in the sulfur compounds present.60 They do not quantify the reduction, 

however, and simply state that similar results were obtained with JP-8.60 The authors 

did perform theoretical molecular orbital calculations on thiophene, benzothiophene 

and dibenzothiophene. These calculations revealed that the highest occupied 

molecular orbital for these compounds is located mostly on the sulfur atom.  This 

location suggests that direct interaction between the sulfur and certain metal species is 

possible. The two known coordination geometries between thiophene and a metal 

species are shown in Figure 1.7.  

 

Figure 1.7 Coordination geometries involving direct interaction between the sulfur of 
a thiophene and a metal atom. 
 



 29 

These direct interactions are important because they can result in selective 

removal of organosulfur compounds from jet fuel, which is rich in non-sulfur 

aromatics, as previously shown in Tables 1.3 and 1.4. While this very early study 

does not provide much insight into the sorbent itself, it does show the promise of 

adsorptive desulfurization as a method for obtaining ultra-low sulfur jet fuel. 

 

1.2.3 Aluminosilicates 

Aluminosilicates are attractive options for sorbents over silicates because they 

can easily be synthesized into high surface area frameworks and, much like zeolites, 

they possess a negatively charged framework. 

 

1.2.3 (a) Silica Compared to Aluminosilicates for Desulfurization 

Along with zeolites, other aluminosilicates have been explored as adsorptive 

desulfurization frameworks61, 62 and as catalytic desulfurization frameworks.63-65 To 

elucidate the desulfurization effects of the addition of aluminum into silica 

frameworks, Wang and coworkers created a series of SBA-15 materials with varying 

degrees of aluminum content.62 The SBA-15 and alumina containing SBA-15 (AS-X, 

where AS stands for aluminosilicate SBA-15 and X is the mass percentage of 

aluminum) were synthesized according to traditional methods using Pluronic P123, a 

triblock copolymer HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H, as the 

templating agent, and aluminum was incorporated post synthetically using wet 

impregnation.62 Samples were loaded with copper via spontaneous monolayer 
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dispersion.62 Fuel tests were performed with a model fuel of thiophene in isooctane 

(564 ppmwS).   

A comparison between copper loaded pure silica SBA-15 and AS-10, shown 

in Table 1.8, revealed that AS-10 has greater adsorption capacity despite its decreased 

surface area. This increased capacity for AS-10 is attributed to the higher dispersion 

of copper compared to the pure silica framework.62 This study shows the overall 

potential advantage of aluminosilicate over silicate as a framework for 

desulfurization. 

 

Table 1.8 Surface area, loading content, and desulfurization adsorption capacities of 
SBA-15 and aluminosilcate SBA-15. AS-X represents SBA-15 where X is the mass 
percentage of aluminum 
 

Framework 
Unloaded 

Surface Area 
(m2/g) 

Loaded 
Surface Area 

(m2/g) 

Loading 
amount Cu+ 

(mmol/g) 

Adsorption 
Capacity 
(mgS/g) 

SBA-15 816 547 3.8 5.35 

AS-5 650 440 3.9 Not Reported 

AS-10 603 366 3.7 7.70 

AS-20 442 251 3.8 Not Reported 

     
 
 
 

1.2.3 (b) Aluminosilicates applied to JP-8 

Song and coworkers loaded a SiO2−Al2O3 framework with 55 wt.% metallic 

nickel prepared by wet impregnation followed by pre-reduction at 500 oC in hydrogen 
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gas and passivation with hexane.66 The authors explored a variety of column 

dimensions and tested with JP-8, and a light fraction of JP-8, to optimize the use of 

this sorbent with the goal of an adsorption capacity of 10 mgS/g.66 For actual JP-8 

they were able to get a 30 ppmwS breakthrough capacity of 6 mgS/g, whereas the 

light JP-8 had a breakthrough capacity of 16 mgS/g.66 This paper demonstrated the 

possibility of fractioning before performing adsorptive desulfurization to reach lower 

sulfur levels.66 Importantly, they showed that even with unfractioned actual JP-8 they 

were able to obtain sub 30 ppmwS levels, which is an important step towards the 

ultimate goal of sub 1 ppmwS levels for SOFC applications.66 Also, they 

demonstrated the possibility of using metallic metal for desulfurization, rather than 

metal ions or metal oxides. No regeneration was reported, however, for this material. 

 
 

1.2.4 Functionalized Silica Frameworks 

Functionalizing the surface of silica, which is not normally very active, allows 

for the creation of active sites.  These active sites are either those of the attached 

ligands themselves or those formed by attaching a binding site, typically a metal ion, 

to the ligand. The latter is more beneficial than loading native silica with metal ions 

because it allows for better dispersion of the metal ion as well as an efficient system 

for anchoring the metal ion to the framework. Figure 1.8 shows the general process 

for adding ligand functionalization to a silica surface to create a site for metal binding 

and ultimately an adsorptive desulfurization site. 
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1.2.4 (a) Functionalized Silica Frameworks for Model Fuel Desulfurization 

Ligand functionalized silica has been used for adsorptive desulfurization from 

liquid fuels,67, 68 gas phase fuels,69 and for oxidative desulfurization.70-74  Recently, 

Song and coworkers functionalized MCM-41 with aminopropyl groups (using 3-

aminopropyltrimethoxysilane followed by Cu2+ loading, in a synthetic method similar 

to that shown in Figure 1.8) and the material showed promising results in the 

desulfurization of a light model fuel.67 Metal ions anchored by the ligand groups were 

more efficient at removing the sulfur compounds than just MCM-41 loaded with 

Cu2+. The ligand modified version removed approximately 1.8 mgS/mmol Cu 

whereas the ligand-free version removed approximately 0.7 mgS/mmol Cu.67 The 

authors attributed this increase to the ligand’s ability to better distribute the 

adsorption sites (Cu2+).67  But the ligand-free version had its copper as an oxide 

compared to Cu2+ in the ligand version, which could also account for the difference in 

efficiency. As seen in the previously mentioned study with MCM-41 and SBA-15, 

copper oxide materials have lower adsorption capacities than copper ion containing 

frameworks. 
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Figure 1.8. The general functionalization and metal loading of silica for sulfur 
adsorption. 
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1.2.4 (b) Functionalized Silica Frameworks for JP-8 Desulfurization 

Tran et al. explored ligand functionalized silica frameworks loaded with gold 

ions (Au+/SiO2) and compared it to silica loaded with gold nanoparticles 

(AuNP/SiO2) for the desulfurization of JP-8 (430 ppmwS).68 The synthesis followed 

the general method shown in Figure 1.8. The framework was prepared by 

functionalizing silica gel with an average pore size of 100 Å using 3-

aminopropyltriethoxysilane, followed by a 2-3 hour exchange with 5 mM HAuCl4.
68 

Gold nanoparticles were also synthesized using HAuCl4, sodium citrate, and sodium 

borohydride followed by a pH adjustment to 5 before addition of silica.68 After 

several hours of stirring, the material was isolated, dried, and calcined.68 The 

characterization of Au+/SiO2 and AuNP/SiO2 is summarized in Table 1.9. 

 

Table 1.9 Adsorbent properties and Au+/SiO2 adsorption capacity at room 
temperature68 
 

Framework Au wt.% 
Surface Area 

(m2/g) 
Adsorption 

Capacity (mgS/g) 

Au+/SiO2 6.6 264.2 5.7 mgS/g 

AuNP/SiO2 0.06 361.6  

 

Au+/SiO2 has an adsorption capacity of 5.7 mgS/g at room temperature, and 

6.3 mgS/g at 80 oC.68 Column studies reveal that Au+/SiO2 initially removes 80% of 

sulfur content from the JP-8, then dropping to about 70% after two milliliters have 

been processed.68 This represents an initial outlet sulfur concentration of 
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approximately 80-90 ppmwS.68 Column studies comparing room temperature and 80 

oC with Au+/SiO2 reveal similar initial sulfur removal for the first few milliliters of 

processed fuel, but 80 oC extends the amount of fuel that can be processed with 70% 

sulfur removal.68 The AuNP/SiO2 material is saturated much more quickly. It has a 

similar initial removal, but quickly drops to approximately 30% sulfur removal before 

two milliliters have been processed.68 Solvent regeneration was performed using 

isooctane on Au+/SiO2 and demonstrated essentially 100% regeneration on the second 

cycle, showing no appreciable loss of adsorption.68 

 Further studies would be needed to explore the difference between gold ions 

and nanoparticles, as the materials did not contain the same loading content. The 

regeneration of Au+/SiO2 is very encouraging, and if the material could reach a deeper 

level of desulfurization then this could be a promising material. The use of ligand 

functionalization appears to be an effective way of maintaining adsorption properties 

over multiple cycles, likely preventing the loss of metal during regeneration.  

 

1.2.5 Titania 

1.2.5 (a) Titania for Desulfurization of JP-8 

TiO2 (commercial available catalyst carrier, anatase phase with a surface area 

of 150 m2/g) loaded with 4 wt.% Ag was found to have a saturation capacity of 2.9 

mgS/g with JP-8 (630 ppmwS) compared to a saturation capacity of 6.3 mgS/g for JP-

5 (1172 ppmwS).23 Breakthrough capacities for JP-5 and light JP-5 were obtained at a 

10 ppmwS level, whereas sub 10 ppmwS concentrations were not achievable for JP-
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8.23 The latter is attributed to the trimethylbenzothiophenes that are prevalent in JP-8 

and were unable to be removed, but are not present in JP-5.23 The regenerability of 

this material was reported for use with JP-5; it was able to maintain its breakthrough 

for 10 cycles following thermal regeneration in air.23 The authors decided on TiO2 as 

a framework after also investigating γ-Al2O3 and SiO2 as supports for silver.23  For 10 

ppmwS breakthrough capacity, the 4 wt.% Ag loaded supports ranked SiO2 < TiO2<  

γ-Al2O3  and for saturation adsorption capacity ranked TiO2 < γ-Al2O3 < SiO2.
23 

These results didn’t directly point to TiO2 being the best support, but further testing 

showed that TiO2 was the best support in terms of silver dispersion and thermal 

stability.23 TiO2 has been recognized as a stable support for silver in previous 

research.75
 Once TiO2 was determined to be worthwhile, the researchers further 

investigated the effects of surface area and determined that of the three TiO2 

frameworks tested, the highest surface area material was best.23 Silver loading was 

also optimized and found that highly dispersed silver is preferred.23 

 

1.2.5 (b) Titania Surface Properties for Desulfurization 

 Titania is an attractive option for desulfurization frameworks due to its low 

cost and availability, it has been used primarily loaded with silver for adsorptive 

desulfurization.23, 76-81 Density functional theory has been used to better understand 

the interactions that organosulfur compounds have with the surface of titania. Song 

and coworkers studied the interaction between thiophene and the (001) surface of 

anatase phase TiO2 (Figure 1.9) and found that on perfect anatase, the strongest 
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adsorption occurs between the sulfur and the titanium cation.79 For oxygen poor 

surfaces, the sulfur can occupy an oxygen vacancy on the surface and interact with 

two neighboring titaniums.79 For an oxygen rich surface, they calculated that the 

primary interaction is between the extra oxygen atoms, and no longer with the 

titanium.79 Overall, the oxygen rich environment has the largest calculated affinity for 

thiophene.79 These findings have yet to be followed up with experimental data. 
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Figure 1.9 Representation of different binding configurations of thiophene on: 
anatase TiO2 (top); oxygen poor anatase TiO2 (middle); oxygen rich anatase TiO2 
(bottom). 
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1.2.6 Titania Supported on Metal Oxides 

 More common than pure titania are adsorbents made from either mixed metal 

titanium oxide or titania supported on other metal oxides.82-87 In addition to the 

extensive research on titania dispersed on alumina and silica, which will be discussed 

below, titania is often mixed with ceria for desulfurization. Ceria is used because it 

can help lead to oxygen rich sites which have been shown to be effective for 

adsorptive desulfurization, as shown in Figure 1.9.82 

 

1.2.6 (a) Titania Supported on Metal Oxides for Desulfurization of JP-8 

Tatarchuk and coworkers prepared a variety of metal oxide supports and 

performed 48 hour saturation capacity experiments with JP-8.86 The following Table 

1.10 shows the capacities and surface areas using JP-5 fuel.86 The authors tried three 

different titania precursors: titanium isopropoxide, titanium (IV) chloride, and titanyl 

oxide sulfate.86 These precursors were loaded onto a gamma-Al2O3 support via 

incipient wetness impregnation followed by calcination in air.86 Titanium 

isopropoxide produced the best results, likely due to the ease of hydrolysis of this 

precursor thus giving a larger amount of titania dispersed on the surface.86 Titania 

loading was also examined, and it was found that Ti:Al = 1:4.4 was an optimal 

balance between high titania content without starting to block pores and reduce the 

surface area of the gamma-Al2O3 support.86 Silver loading tests revealed that the 

optimum loading is between 8 and 12 wt.%, as a balance of providing adsorption sites 

without starting to block pores and reduce available surface area.86 Thermal 
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regeneration was performed on 12 wt.% Ag/TiOx-Al2O3 and the adsorption for JP-5 

remained relatively constant over 5 cycles.86 This is consistent with the thermal 

regeneration data previously seen with other metal oxide loaded frameworks. 

 

Table 1.10 Surface area and desulfurization results from Tatarchuk and coworkers 
summarized using JP-5 (1172 ppmwS)86 
 

Framework 

BET 
Surface 

Area 
m2/g 

BET 
Surface 

Area m2/g 
with 4 

wt.% Ag 

Adsoprtion 
Capacity 
mgS/g 

Adsoprtion 
Capacity 

with 4 wt.% 
Ag mgS/g 

Breakthrough 
10 ppmwS 

TiO2 154  2.81 5.65 0.79 

Al2O3 267  2.77   

SiO2 319  2.67   

Y-zeolite 660  2.35   

TiOx–Al2O3 
(Ti:Al = 1:4.4) 

237 222 3.32 10.55 0.90 

TiOx–SiO2 
(Ti:Si = 1:3.9) 

304 263 2.98 7.36 0.67 

TiOx–Al2O3 
(Ti:Al = 1:4.4) 

(10% Ag)88 
   8.01 0.38 

 
 

4 wt.% Ag/TiOx-Al2O3 (Ti:Al = 1:4.4) had a 10 ppmwS breakthrough capacity 

of 0.12 mgS/g with JP-8 (630 ppmwS) compared to a breakthrough capacity of 0.90 

mg/S with JP-5 (1172 ppmwS). The saturation adsorption capacity is 6.11 mgS/g for 
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JP-8 compared to 10.11 mgS/g for JP-5.86 These adsorption capacities highlight the 

relative difference in desulfurization level between JP-5 and the more difficult JP-8. 

 

1.2.6 (b) Titania Supported on Metal Oxides: Mechanistic Studies 

 Further investigation of TiOx-Al2O3 prove that 10 wt.% is the optimal silver 

loading.88 Comparisons using model fuels with 10 wt.% Ag/TiOx-Al2O3 show that the 

presence of non-sulfur containing aromatics decreases the number of available 

adsorption sites by binding to them. In a competitive binding study between benzene 

and benzothiophene, benzene occupied 18% of the adsorption sites typically held by 

benzothiophene.88 A comparison between 10 wt.% Ag/TiOx-Al2O3 and TiOx-Al2O3 

shows that the presence of benzene decreases the capacity of the silver loaded 

framework, indicating the silver sites are the principle sites for π-complexation with 

aromatics.88 IR was used to help determine the adsorption pathways. These studies 

showed that surface hydroxyl acidic sites were capable of initiating ring opening 

reactions on adsorbed thiophene and its derivatives to produce aliphatic-like 

compounds.88 Additional studies revealed that the surface acid sites interacted with 

the silver to aid with dispersion.87 In addition, the Brønsted acid sites were capable of 

adsorbing thiophene, making a direct interaction with the sulfur, while the silver sites 

(in the form of silver oxide) are capable of π-interaction with both sulfur containing 

and non-sulfur containing aromatics.87  
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1.3 Conclusions 
 
 

The outlook for adsorptive desulfurization being a viable method to 

desulfurize JP-8 to the levels required by SOFCs looks very promising. Materials 

have demonstrated the ability to obtain JP-8 in very low ppmwS concentration, at least 

in small quantities. Some of the materials have proven themselves regenerable, in 

several cases even reaching 100% regenerability.  Going forward, there are certain 

qualities that lend themselves to effective JP-8 desulfurization adsorbents. Noble 

metals, including silver, gold, and palladium, seem to be the most promising active 

sites for future JP-8 adsorptive desulfurization. Framework pore size needs to be 

larger than trimethyldibenzothiophene species, though there is no benefit in pore sizes 

that are significantly larger (i.e. MCM-41 has sufficient mesoporosity, SBA-15 sized 

macropores are unnecessary). In addition, framework properties (metal oxide surface 

chemistry or ligand functionalization) that allow for highly dispersed metal species 

typically allow for greater desulfurization capabilities. Thermal regeneration works 

best when the material is loaded with a metal oxide, but this method can result in the 

release of sulfur compounds into the atmosphere. Solvent regeneration can isolate the 

organosulfur contaminants, preventing further pollution. Solvent regeneration can be 

used on organic functionalized materials and avoids both the oxidation of metal ions 

and the need for an inert atmosphere. 
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Chapter 2 
 

Agarose Templated Hierarchical 
Mesoporous Monoliths for Adsorptive 

Desulfurization 
 

Abstract  

Hierarchical mesoporous materials are of interest for a variety of applications, 

such as battery matreials and biomaterials, due to their high surface area and tunable 

pore size. These qualities make them potential sorbents for desulfurization of JP-8, 

which requires organosulfur removal prior to use as a feedstock for solid oxide fuel 

cells. Hierarchical mesoporous monoliths were synthesized using Zeolite Y and Al-

SBA-15 with agarose as a templating agent. Al-SBA-15 monolith is more effective 

than Zeolite Y monolith towards JP-8, which is attributed to the pore size of Zeolite Y 

being too small to accommodate the organosulfur compounds found in JP-8. 

However, there is no increase in efficacy between Al-SBA-15 monolith and Al-SBA-

15 bulk powder for this application. 
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2.1 Introduction 

Hierarchical porous materials have multiple levels of pore sizes: larger sized 

pore channels leading to smaller sized pore channels (similar to the human vascular 

system with larger veins leading to smaller capillaries). These materials are sought 

after for a variety of applications including the obvious adsorption1, 2 and catalysis3, 4, 

and also more exotic applications such as tissue engineering5, 6 and electronics7, 8. 

These materials can be made out of organic materials9, 10 or inorganic materials 

including titania11, silica12, or zeolites3, 13.  Their tunable porosity and surface area 

paired with different surface chemistries based on their precursors, these materials 

can be used for highly varied applications. Polymer based materials heiracrical porous 

materials show promise for applications including pollution remediation. A 

hierachical porous sponge made of polyurethane and polysiloxane has been reported 

as cleanup material for oil spills in the ocean.1 This low-cost material can be reused in 

excess of 300 cycles, while showing excellent oil removing performance.1 

Hierachical porous materials can also mimic biological tissue. Bioactive glass foam 

can be produced with a similar hierarchical structure to bone, and can be tailored to 

meet tissue regeneration needs.5 Due to their extensive potential applications, 

advances made in the synthesis of hierarchical porous material can benefit many 

fields of research. 

The synthesis techniques range from one-pot syntheses both with and without 

templating agents, and can include post-synthetic modifications. We will focus on the 

use of organic templating agents, particularly agarose, to form porous networks. 
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Figure 2.1 shows how, with the addition of water and heat, the polymer chains of 

agarose can form hydrogels. These polymer networks are the perfect inverse to a 

porous framework, and thus have been exploited to make solid porous monoliths.  
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Figure 2.1 The formation of an agarose hydrogel using agarose polymer, water, and 
heat. The agarose polymer distributes throughout the water into an amorphous 
hydrogel network. 
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 Research groups, including ours, have utilized agarose hydrogels to construct 

inorganic porous monoliths.14-17 As shown in Figure 2.2, the hydrogel is typically 

exchanged in a non-aqueous solvent such as ethanol (typically by first soaking in a 

50:50 water:organic solvent solution) before being placed in a metal oxide precursor. 

This precursor can be a variety of metal alkoxides, including tetraethyl orthosilicate 

and titanium isopropoxide. The gel is then transferred to either pure water or water 

with a catalyst to achieve a solid metal oxide monolith that contains the organic 

agarose network. The agarose network can then be removed chemically, with solvents 

such as DMSO, or thermally, leaving behind a solid monolith with pores in the spaces 

once occupied by the agarose network. The porosity can easily be tuned by adjusting 

the level of agarose in the initial gel. 
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Figure 2.2 Synthetic procedure to produce porous metal oxide monoliths using 
agarose as a templating agent. 
 

These agarose templated materials have been applied to several applications, 

particularly by Caruso and coworkers. The majority of reports have been for 

photocatalytic materials.18, 19 Porous TiO2 containing gold nanoparticles demonstrated 

photocatalytic activity, making it a potential material for environmental remidation.18 

Adsorption properties have also been explore, porous zirconium titanium mixed oxide 

pellets were found to have a high capacity and adsorption rate for the adsorption of 
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vanadate (a model species).17 These templated materials have also shown promise as 

electrodes for dye-sensitized solar cells.20 

Herein, we will describe the first use of agarose gel to make hierarchical 

mesoporous monoliths. Instead of using metal oxide precursors to fill the gel, gels 

were filled with bulk porous powders of either Zeolite Y or Al-SBA-15 during the 

initial agarose gel formation. Calcination at a high enough temperature to sinter the 

powder together resulted in a hierarchical porous monolith: larger pores left by the 

agarose lead to smaller pores where the walls are either Zeolite Y or Al-SBA-15. 

These materials were tested for their capacity as adsorptive desulfurization materials. 

Ideally, using these hierarchical porous materials will allow for larger organosulfur 

contaminants to be trapped in the large pore formed by the agarose network, whereas 

smaller contaminates will travel into the pores of the SBA-15 or Zeolite Y and be 

trapped. Hierarchical porous materials have yet to be used for desulfurization. 

However, SBA-15 and Zeolite Y have shown promising results for this application.21, 

22  
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2.2 Experimental  

2.2.1 Materials 

All chemicals were used as received without further purification.  

Tetraethylorthosilicate (TEOS), agarose, and aluminum isopropoxide were all 

obtained from Acros Organics.  HCl was obtained from Fisher Scientific, silver 

nitrate was obtained through MP Biomedicals, 200 proof ethanol from Decon Labs, 

poly (ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) with 

a feed ratio of 20:70:20 of EO:PO:EO (Pluronic P123) from Sigma-Aldrich, and 

Zeolite Y from Zeolyst. 

 

2.2.2 Zeolite Y Monoliths and Silver Loading 

Two methods were used to prepare silver loaded Zeolite Y monoliths. The 

first involves creating a monolith and then exchanging with silver (labeled Zeolite Y 

Monolith-PSE, PSE for post-synthesis exchange). The second uses Zeolite Y already 

exchanged with silver as the wall material (labeled Zeolite Y Monolith-IE, IE for 

initial exchange). Zeolite Y monolith-PSE was prepared by mixing 24.5 g doubly 

distilled deionized water, 0.50 g agarose, and 3.2 g Zeolite Y in a covered beaker with 

gentle heating and magnetic stirring. Once the agarose dissolved, the solution was 

cast in a plastic petri dish resulting in a gel slightly less than 1 cm thick. Once the gel 

cooled to room temperature it was cut with a razor into approximately 1 cm cubes. 

These cubes were allowed to dehydrate at room temperature for at least 24 hours. 

Once dried, the cubes were calcined at 500, 700, or 800oC for 6 hours with a 1oC/min 
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ramp rate. After calcination, the cubes were further cut into smaller pieces before 

being exchanged in a 0.3 mM silver nitrate solution for 24 hours, rinsed with doubly 

distilled deionized water, and repeated for a total of two exchanges and rinses. Zeolite 

Y monolith-IE was prepared according to an identical method; the Zeolite Y powder, 

however, was exchanged twice in a silver nitrate solution before the creation of the 

monolith. 

 

2.2.3 Al-SBA-15 Monolith Synthesis 

The Al-SBA-15 Monolith was made according to the same overall procedure 

as Zeolite Y Monolith-PSE except the following amounts were used to make the 

initial gel: 0.35 g uncalcined Al-SBA-15 (synthetic procedure found in Chapter 3), 

0.31 g agarose, and 14.74 g doubly distilled deionized water. It was calcined at 750oC 

for 6 hours with a 1oC/min ramp rate. The exchange procedure was identical to 

Zeolite Y Monolith-PSE. 

 

2.2.4 Characterization 

Powder X-Ray Diffraction (PXRD) was performed on a Rigaku MiniFlex+ 

X-ray diffractometer with Cu Kα radiation.  Samples were analyzed from 1.5º to 10º 

(2θ) with a step size of 0.01º and scan rate of 1o per minute. BET surface area of the 

samples was measured by physical adsorption of N2 at 77 K using a Micromeritics 

physisorption analyzer (TriStar II 3020 v1.03).  Adsorption/desorption isotherm 

measurements were collected in the relative pressure range (P/Po) from 0.01 to 1.00.  
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2.2.5 JP-8 fuel test 

Prior to all JP-8 and model fuel testing, the adsorbents were heated under 

vacuum at 110 °C overnight to remove trapped gas or water. For column tests 

(breakthrough and regeneration), the prepared materials were packed in a Chrom 

Tech column (4.6 mm ID, 50 mm length).  JP-8 fuel was pumped at 0.5 mL/min into 

the column using a Shimadzu HPLC pump.  Column and 24-hour batch (beaker) test 

experiments were analyzed for total sulfur concentration using a UV total sulfur 

analyzer (multi EA 3100, Analytikjena) with a detection limit of 45 ppb.  Typical 

batch test experiments were done with ~ 2.8 g of sorbent in ~ 5.5 g of JP-8, whereas 

column experiments were done with ~ 0.18 g of sorbent. 
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2.3 Results and Discussion 

2.3.1 Synthesis and Characterization 

The general synthetic procedure for the Zeolite Y and Al-SBA-15 containing 

monoliths are shown in Figure 2.3.  

 

Figure 2.3 The synthetic procedure of creating hierarchical mesoporous monoliths. 
The porous powders (Zeolite Y or Al-SBA-15) are combined with water and agarose, 
heated to form a gel, cast and dried, followed by calcination at a high enough 
temperature to sinter the powder together. 
 

The calcination temperature was important to control in order to yield solid 

monoliths instead of powders. Low temperatures did not allow for sintering of the 
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particles together, whereas too high of temperatures will eventually cause a collapse 

of the pore system in the Zeolite Y or Al-SBA-15. Figure 2.4 shows the difference in 

stability between calcining a sample at 500oC and 700oC. 

 
 
 

 
 
Figure 2.4 Zeolite Y Monolith calcined at 500oC (a) and at 700oC (b), actual size 
shown. 
 

 PXRD was used to confirm that the nanoporous Zeolite Y structure did not 

collapse during calcination. Figure 2.5 shows only a slight decrease in overall 

crystallinity as the intensity of the peaks decreases at 800oC. Overall, the Zeolite Y 

structure stays intact. The pore size of Al-SBA-15 is too large to confirm through 

typical PXRD analysis ((100) is below 1.5o). 
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Figure 2.5 PXRD analysis of Zeolite Y (black) after calcination at 700oC (blue) and 
at 800oC (red). 
 
 
 
2.3.2 Fuel Testing 

Silver exchanged zeolites and SBA-15 have been shown to be effective 

desulfurization adsorbents.22, 23 Column studies were performed on Zeolite Y 

monoliths exchanged with silver. A comparison was performed between the two 

methods used to prepare silver loaded Zeolite Y monoliths. The first method consists 

of creating a monolith and then exchanging with silver (labeled Zeolite Y Monolith-

PSE, PSE for post-synthesis exchange). The second uses Zeolite Y already exchanged 

with silver (labeled Zeolite Y Monolith-IE, IE for initial exchange). As shown in 

Figures 2.6 and 2.7, Zeolite Y Monolith-PSE performed better than Zeolite Y 
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Monolith-IE. It did not fully saturate until it processed 20 mL of fuel, compared to 

just 5 mL of fuel for the pre-exchanged monolith. Furthermore, the Zeolite Y 

Monolith-PSE had approximately three times the adsorption capacity compared to 

Zeolite Y Monolith-IE. We attribute this to Zeolite Y Monolith-PSE containing most 

of its silver as Ag+, where Zeolite Y Monolith-IE likely contains mostly silver oxide. 

The process of heating the silver ions in the Zeolite Y Monolith-IE in air at 

temperatures in excess of 500oC would convert them to silver oxide. Similar materials 

impregnated with silver salts have shown conversion to silver oxide under these 

conditions.24-26 Additionally, the Zeolite Y Monolith-PSE contains more surfaces for 

the Ag+ to be adsorbed onto: inside the Zeolite Y and inside the pores created by the 

agarose template. This could lead to an increase in Ag+ sites, allowing for greater 

sulfur adsorption.  
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Figure 2.6 Column study of Zeolite Y Monolith-PSE (red) and Zeolite Y Monolith-
IE (blue). The study was performed with JP-8 fuel, showing the percent sulfur 
removed from the fuel. 
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Figure 2.7 Column study of Zeolite Y Monolith-PSE (red) and Zeolite Y Monolith-
IE (blue). Study done with JP-8 fuel, displaying the difference in adsorption capacity. 
 

 While this study did provide insight into the effectiveness of different silver 

exchange procedures, the overall sulfur adsorption of these materials is subpar. For 

both monoliths, the initial outlet fuel concentration was ~ 270 ppmwS, far from the 

sub 1ppmwS desired for fuel cell applications. It has been shown the pore size of 

Zeolite Y is too small to accommodate the larger sulfur contaminants found in jet 

fuels.27 The goal for these monoliths was that the larger organosulfur molecules 

would be adsorbed in the larger pores created by the agarose, and that the smaller 

contaminants would be trapped in the Zeolite Y pores.  However, based on these fuel 

tests, it can be concluded that Zeolite Y monoliths are not effective adsorptive 
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desulfurization adsorbents. Due to these results, unloaded Zeolite Y monoliths and 

bulk silver-exchanged Zeolite Y were not tested. 

 To address the small pore size issue of Zeolite Y, Al-SBA-15 monoliths were 

prepared. These monoliths were exchanged with silver post-monolith synthesis, as 

this was shown more effective than with the Zeolite Y monoliths. This monolith, 

along with Al-SBA-15 bulk powder, were exchanged with silver under the same 

conditions, and then compared using a batch 24-hour fuel test with JP-8 (Table 2.1). 

The Al-SBA-15 monolith was superior to the Zeolite Y monolith, with nearly double 

the adsorption capacity. However, the monolith and bulk versions of Al-SBA-15 have 

essentially identical adsorption capacities, showing that there is no practical 

advantage to using the monolith form for the application. Bulk Al-SBA-15 will be 

further explored in Chapter 3. 

 

Table 2.1 24-hour batch fuel tests results with JP-8 
 

Sample 
Final JP-8 

Concentration 
(ppmwS) 

Adsorption 
Capacity 
(mgS/g) 

Ag-Al-SBA-15 197.98 5.11 

Ag-Al-SBA-15 monolith 190.74 5.12 
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2.4 Conclusions 

 

Hierarchical mesoporous monoliths can be formed using Zeolite Y or Al-

SBA-15 as precursors, and agarose as a templating agent. Calcination temperatures 

above 500oC are necessary to form a mechanically stable monolith. It is advantageous 

to exchange these monoliths post-synthetically with silver for adsorptive 

desulfurization applications. Al-SBA-15 monolith is twice as effective as Zeolite Y 

monolith as a sorbent. This is attributed to the pore size of Zeolite Y being too small 

to accommodate all of the contaminants found in JP-8. However, there was no 

advantage seen in using Al-SBA-15 monolith over the bulk powder version. 

Therefore, no further exploration will be performed on monoliths, but Al-SBA-15 

will undergo further testing in Chapter 3. 
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Chapter 3 
 

SBA-15 and its Derivatives as Frameworks 
for Adsorptive Desulfurization 

 

Abstract 

SBA-15 is a high surface area framework with a pore size large enough to 

accommodate organosulfur contaminants found in fossil fuels. SBA-15, 

aluminosilicate SBA-15 (Al-SBA-15), and aminopropyl-functionalized SBA-15 

(APS-SBA-15) were explored for the desulfurization of real and model fuels. Ag+, 

Ce3+, and Ni2+ were explored to determine the best metal ion for desulfurization, as 

well as different methods for loading the frameworks with these metals, including wet 

impregnation and ion exchange. Ag+ was found to have the highest desulfurization 

capacity, which can be increased when wet impregnation is used compared to ion 

exchange procedures. Ultimately, 18 wt.% Ag-Al-SBA-15 was the best performing 

material and was found to have an adsorption capacity of 31.47 mgS/g in JP-8 (725.9 

ppmwS). 
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3.1 Introduction 

SBA-15 was first reported in 1998 by Stucky and coworkers as a mesoporous 

silica material with a hexagonal array of pores, similar in structure to MCM-41, but 

with pore sizes ranging from 46Å to 300Å.1  MCM-41 is typically synthesized using 

ionic surfactants, such as CTAB, as a structure directing agent. This is in contrast to 

SBA-15, which uses a non-ionic triblock copolymer as a templating agent, as shown 

in Figure 3.1. 
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Figure 3.1 General schematic of the production of Al-SBA-15. Pluronic P123 forms 
micelles (1) in solution, which can pack in a hexagonal array (2). TEOS (aqua) and 
aluminum isopropoxide (gray) surround the micelles (3), and condense to form a 
solid structure (4). The P123 can then be removed through solvent extraction or 
calcination (5). 
 
 SBA-15 and its derivatives have been explored for a variety of applications 

including drug delivery2-5, water remediation6, 7, and catalysis8-10. SBA-15’s tunable 
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pore size and high surface area make it an ideal framework for adsorptive 

desulfurization.  

 Several model fuel studies have been performed using SBA-15. Silver loaded 

SBA-15 was found to be an effective adsorbent for model fuels.11 SBA-15 with a 52.3 

Å average pore diameter was loaded with 28.4 wt.% Ag+ and found to remove over 

80% of the sulfur from both a model fuel of dibenzothiophene in decane, and 4,5-

dimethyldibenzothiophene in decane.11 Cu+ loaded SBA-15 and Al-SBA-15 have 

been tested on model fuels of thiophene in isooctane.12 It was found that Cu+/SBA-15 

has an adsorption capacity of 5.35 mgS/g and Cu+/Al-SBA-15 has a capacity of 7.70 

mgS/g when both are loaded with ~ 24 wt.% Cu+.12 

SBA-15 has also been explored for use with real fuels. Wang et al. explored 

PdCl2/SBA-15 and CuCl/SBA-15 as desulfurization adsorbents for a light fraction of 

JP-5 with an initial sulfur content of 841 ppmwS.13 They found that CuCl/SBA-15 and 

PdCl2/SBA-15 have saturation adsorption capacities of 25.7 mgS/g and 38.5 mgS/g 

respectively.13 They also examined the efficiency of the metal. CuCl/SBA-15 

adsorbed 0.09 molS/molCu and PdCl2/SBA-15 adsorbed 0.35 molS/molPd, showing 

that Pd is much more efficiently used.13 Thermal and solvent regeneration were also 

explored. Thermal regeneration of PdCl2/SBA-15 using helium recovered only 7% of 

its initial capacity, whereas solvent regeneration with benzene recovered 48%.13 They 

explained the heightened ability of benzene to regenerate the material by the ability of 

benzene to form π-complexes with Pd2+, effectively displacing the bound 

organosulfur compounds.13 The same group also explored SBA-15 loaded with Cu2O. 
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However, this framework yielded a significantly lower capacity of 9.6 mgS/g with the 

same fuel.14 

 Herein, we report the use of SBA-15 and two of its derivatives: 

aluminosilicate SBA-15 (Al-SBA-15) and aminopropyl-functionalized SBA-15 

(APS-SBA-15) as adsorptive desulfurization frameworks. The loading with three 

different metals are explored: Ag, Ce, and Ni, as are several different loading 

procedures and post loading modifications. Model fuel and JP-8 tests are reported 

along with solvent regeneration data. 
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3.2 Experimental Section 

3.2.1 Materials 

 All chemicals were used as received without further purification.  

Tetraethylorthosilicate (TEOS), dibenzothiophene (DBT), 3-

aminopropyltriethoxysilane (APS), and aluminum isopropoxide were all 

obtained from Acros Organics.  HCl and Ni(NO3)2·6H2O were obtained from 

Fisher Scientific. Silver nitrate was obtained through MP Biomedicals, 200 

proof ethanol from Decon Labs, poly(ethylene glycol)-block-poly(propylene 

glycol)-block-poly(ethylene glycol) with a feed ratio of 20:70:20 of EO:PO:EO 

(Pluronic P123) from Sigma-Aldrich, and Ce(NO3)3·6H2O from Spectrum.  

 

3.2.2 SBA-15 and Al-SBA-15 Synthesis 

Synthetic methods were modified from existing methods.15 4 g of Pluronic 

P123 was added to 30 g of doubly distilled deionized water. A solution of 1.68 g 

concentrated HCl diluted to 70 g with doubly distilled deionized water was added to 

the Pluronic solution and stirred until the Pluronic was completely dissolved. For 

SBA-15, 9 g of TEOS was added in a quick dropwise fashion to the stirring solution 

and allowed to stir for 24 hours at room temperature. For Al-SBA-15, 2.94 g 

aluminum isopropoxide and 9 g of TEOS was added in a quick dropwise fashion to 

the stirring solution and allowed to stir for 24 hours at room temperature. The 

solution was then transferred to a Teflon bottle and statically aged at 100oC for 24 

hours. The solution was filtered and rinsed with copious amounts of doubly distilled 
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deionized water, followed by soxlet extraction with ethanol overnight. The product 

was then calcined at 550oC for 8 hours with a 1oC/min ramp rate. 

 

3.2.3 Aminopropyl Fuctionalization of SBA-15  

The functionalization procedure was based on existing methods.16 1.33 g 

aminopropyltriethoxy silane was added to 22.6 g of 200 proof ethanol. The solution 

was stirred for 10 minutes prior to the addition of 0.37 g of SBA-15. After 2 hours of 

stirring, the solution was filtered and rinsed with ethanol. The APS-SBA-15 product 

was dried at 100oC under vacuum. 

 

3.2.4 Metal Loading via Exchange 

SBA-15, Al-SBA-15, or APS-SBA-15 was added to a 0.2 M solution of 

Ni(NO3)2·6H2O, Ce(NO3)3·6H2O or AgNO3 in doubly distilled deionized water 

overnight with stirring The solution was either kept at room temperature or 70oC (as 

noted in results). Post-exchange thermal treatment consisting of calcination at 550oC 

for 8 hours with a 1oC/min ramp rate was performed on some samples, as noted. 

 

3.2.5 Metal Loading via Wet Impregnation 

The desired amount of AgNO3 was dissolved in a minimal (less than 1 mL) 

amount of doubly distilled deionized water. This solution was added dropwise to the 

framework until wet. The framework was then dried under vacuum at 110oC. This 
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process was repeated until all of the desired metal solution was loaded onto the 

framework. 

 

3.2.6 Characterization 

BET surface area of the samples was measured by physical adsorption of N2 

at 77 K using a Micromeritics TriStar II (TriStar II 3020 v1.03).  

Adsorption/desorption isotherm measurements were collected in the relative pressure 

range P/Po from 0.01 to 1.00. 

 

3.2.7 Model and Real Fuel Tests 

Prior to all JP-8 and model fuel testing, the adsorbents were heated under 

vacuum at 110 °C overnight to remove trapped gas or water.  All model fuel tests 

were performed using dibenzothiophene in dodecane, with concentrations denoted 

alongside the data. For column tests, the prepared materials were packed in a 

Chromtech column (4.6 mm ID, 50 mm length).  JP-8 fuel was pumped at 0.5 

mL/min into the column using a Shimadzu HPLC pump.  Column and 24 hour batch 

(beaker) test experiments were analyzed for total sulfur concentration using a UV 

total sulfur analyzer (multi EA 3100, Analytikjena) with a detection limit of 45 ppb.  

Typical JP-8 batch test experiments were done with ~ 0.05 g of sorbent in ~ 5.5 g of 

JP-8, whereas column experiments were done with ~ 0.2 g of sorbent in the same 

amount of JP-8. Model fuel batch tests were performed with 20-30 g of fuel per gram 
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of sorbent and were analyzed by UV-Vis on a Hewlett-Packard Model 8452A 

spectrophotometer. 
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3.3 Results and Discussion 

3.3.1 Characterization 

BET surface area analysis was performed on SBA-15 and Al-SBA-15 

revealing surface areas of 723.0 m2/g and 514.4 m2/g, respectively. The pore sizes are 

too large to confirm through typical PXRD analysis ((100) is below 1.5o). However, 

using the surface area analysis along with the confirmed synthetic procedures, it is 

reasonable to expect that the syntheses did result in the production of both SBA-15 

and Al-SBA-15. The surface areas are similar to those reported in literature, where 

SBA-15 prepared with P123 has a typical surface area range between 700-900 m2/g 

and Al-SBA-15 with a gel Si:Al ratio of 3:1 typically has a surface area between 300-

650 m2/g.17-20 

 

3.3.2 Model Fuel Tests 

Silver, nickel, and cerium are all known to be active metals for 

desulfurization.21-26 Free Ag+ in solution is known to make direct S-M bonds with 

dibenzothiophene,11 however, molecular orbital calculations show it is capable of 

forming π-complexes as well.27 Ce3+ is capable of making S-M bonds and π-

complexes with organosulfur compounds, such as thiophenes.28  Ni2+ is known to 

form π-complexes.29 No studies directly evaluate the effectiveness of these three 

metals under the same conditions. Al-SBA-15 has negatively charged surface sites, 

making it ideal for exchanging with positively charged metal ions. Al-SBA-15 was 

soaked at room temperature in isomolar solutions of all three ions for equal periods of 
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time prior to desulfurization experiments. After a 30 minute fuel test, it was clear that 

the order of effectiveness is: 

Ag+ > Ce3+ > Ni2+ 

However, all three materials had adsorption capacities below 1 mgS/g, as shown in 

Table 3.1. 

 Elevated temperature was explored in an attempt to achieve a higher level of 

exchange, creating more adsorption sites within the framework. A 70oC exchange 

compared to room temperature increased the sulfur capacity of the Ag+ loaded 

framework 5-fold, the Ce3+ frameworks capacity 6-fold, and the Ni2+ 8-fold. The 

trend, however, remained the same with Ag+ outperforming the other two metals, as 

shown in Table 3.1. 

 There have been successful reports of thermally treating frameworks 

following their metal loading, converting the metal ions present into metal oxides.28, 

30, 31 However, for these sorbents, thermal treatment in air resulted in a decrease in 

adsorption capacity as shown in Table 3.1. The Ag+ exchanged material displayed 

only a 7% loss in capacity, while Ce3+ and Ni2+ displayed a loss of 37% and 20%, 

respectively. The silver oxide is much more effective than the other two metal oxides. 
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Table 3.1 Al-SBA-15 exchanged with Ag+, Ce3+, and Ni2+ under various conditions. 
30 min fuel test in 625 ppmwS DBT in dodecane 

Metal Salt Loading Methoda 
Post-exchange 

Treatment 

Adsorption 
Capacity 
(mgS/g) 

AgNO3 70oC Exchange  N/A 3.99 

AgNO3 70oC Exchange 
550oC 8 hours 

in air 
3.72 

AgNO3 RT Exchange N/A 0.74 

Ce(NO3)3·6H2O 70oC Exchange N/A 3.42 

Ce(NO3)3·6H2O 70oC Exchange 
550oC 8 hours 

in air 
2.17 

Ce(NO3)3·6H2O RT Exchange N/A 0.53 

Ni(NO3)2·6H2O 70oC Exchange N/A 3.08 

Ni(NO3)2·6H2O 70oC Exchange 
550oC 8 hours 

in air 
2.47 

Ni(NO3)2·6H2O RT Exchange N/A 
0.37 

 
aExchanges performed for 24 hours. RT is room temperature. 

 

In addition to exchange, wet impregnation has been widely used to load 

metals into adsorptive desulfurization sorbents.32-35 Wet impregnation provides a 

convenient technique for loading a very specific amount of metal into a framework, 

allowing for quick optimization under controlled conditions.  Through capillary 

action, wet impregnation draws the metal into the pores of the framework. Testing the 

unloaded framework, Figure 3.2, reveals that it removes a similar amount of sulfur 
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compared to the room temperature exchanged frameworks. Al-SBA-15 loaded with 9 

wt.% silver outperforms the 70oC exchanged material, with a capacity of 5.50 mgS/g 

compared to only 3.99 mgS/g with the exchange. The capacity continues to increase 

with increased loading, reaching a maximum at 18 wt.% Ag with a capacity of 7.87 

mgS/g. With increased loading above 18 wt.%, the capacity begins to decrease with 

21 wt.% only adsorbing 6.86 mgS/g. This decrease is likely due to the formation of 

silver aggregates blocking some of the channels in the material, decreasing the 

number of available surface sites. This decrease in capacity with increased metal 

loading has been observed with other desulfurization sorbents.36 

 

 

Figure 3.2 30 minute batch fuel tests in 580 ppmwS DBT in dodecane of Al-SBA-15 
wet impregnated with the designated amount of Ag+. 
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3.3.3 Regeneration 
 
 In order for a desulfurization sorbent to be useful, it must be reusable. 

Typically, these sorbents are regenerated thermally or by solvent rinsing. Thermal 

regeneration poses problems as it releases sulfur compounds back into the atmosphere 

and it must be done under inert atmosphere. Furthermore, the results in Table 3.1 

showed that heating in air causes a reduction in adsorption capacity. Solvent 

regeneration is a simple solution, as it conveniently keeps all the organosulfur 

compounds confined in liquid form and does not require the equipment set-up of a 

furnace under increasingly expensive inert atmosphere. The sulfur compounds could 

easily be separated from the regeneration solvent through distillation, so that the 

solvent could be reused. Figure 3.3 displays the adsorption capacity over two 

regeneration cycles. After the first cycle, 93% of the capacity is maintained, and 87% 

of the original capacity is maintained after the second cycle. This small decrease in 

capacity is likely due to a small amount of silver being lost from the framework either 

during the fuel test or the regeneration procedure. 
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Figure 3.3 Regeneration of Al-SBA-15 loaded with 18 wt.% Ag, regenerated with 
diethyl ether. Using 580 ppmwS DBT in dodecane, 30 minute batch testing. 
 
 
 

3.3.4 Ligand Functionalization 

 
 In addition to impregnation, another technique to improve the metal capacity 

of a framework over traditional exchange is to functionalize the material with a 

ligand. Figure 3.4 shows a general schematic of functionalizing SBA-15 with a 3-

aminopropyl group, which may allow the metal sites to be more tightly bound to the 

framework. Table 3.2 shows the adsorption capacities under the same conditions as 

the non-ligand functionalized Al-SBA-15. The ligand functionalization did increase 

the adsorption capacity. Increases of 18%, 30%, and 27% were observed with Ag+, 
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Ce3+, and Ni2+ respectively. While these increases are substantial compared to the 

original exchange method, they are insignificant when compared to results obtained 

by the impregnation method. 

 

Figure 3.4 Schematic showing the general idea of functionalizing the surface of Si-
SBA-15. 
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Table 3.2 30 minute batch fuel test in 680 ppmwS DBT in dodecane for APS-SBA-15 
following 24-hour 70oC exchange. 

Metal Ion Adsorption Capacity (mg S/g) 

Ag+ 4.70 

Ce3+ 4.48 

Ni2+ 3.90 

 

3.3.5 JP-8 Testing 

As 18 wt.% Ag loaded Al-SBA-15 performed the best in model fuel tests, it 

along with SBA-15 were selected for testing with real JP-8. SBA-15 was included 

because although it doesn’t have the negative framework charge that Al-SBA-15 

contains, it does possess a higher surface area. Materials with high surface area have 

been shown consistently to make the best adsorptive desulfurization frameworks.30, 37 

As shown in Table 3.3, SBA-15 has a higher surface area, and retains a higher surface 

area after loading with 18 wt.% Ag. 

 Both Al-SBA-15 and SBA-15 display similar adsorption capacities before 

silver loading. After being impregnated, Ag-SBA-15 has a 15% higher adsorption 

capacity but a 33% higher surface area. This demonstrates that even though the 

addition of aluminum decreases the surface area, the incorporation of aluminum also 

plays a role in adsorption. Previously published studies with Al-SBA-15 and SBA-15 

loaded with Cu+ show an increased capacity with Al-SBA-15 which the authors 

attribute the Cu+ ions being better distributed in the aluminosilicate framework.12 
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Table 3.3 24-hour batch fuel tests with JP-8 (725.9 ppmwS), silver loaded containing 
18 wt.% Ag 

Sample 
Final JP-8 

Concentration 
(ppmwS) 

Adsorption 
Capacity 
(mgS/g) 

Surface Area 
(m2/g) 

Al-SBA-15  695.6 3.04 514.4 

SBA-15 693.8 3.24 723.0 

Ag-Al-SBA-15 403.8 31.47 395.3 

Ag-SBA-15 347.94 36.31 525.6 

 

Ag-Al-SBA-15 was further studied with real JP-8 in a packed column study, 

as shown in Figures 3.5 and 3.6. The initial processed fuel passing through the 

column has 97.2% of its initial sulfur removed, corresponding to a concentration of 

20.5 ppmwS. While this outlet concentration doesn’t meet the requirements of sub 1 

ppmwS desired for use with solid oxide fuel cells, it is still a significant advance. 

Compared with gold loaded silica, whose initial outlet concentration is ~ 45 ppmwS, 

this is an improvement.16 
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Figure 3.5 Column study of Al-SBA-15 with 18 wt.% Ag in JP-8 (725.9 ppmwS) as a 
function of the percent sulfur removed of the effluent after passing through the 
column. 
 
 The column study shows the material is completely saturated after 30 mL of 

processed fuel. However, the capacity quickly drops off. After 5mL, it removed 73% 

of the sulfur compounds present, and 45% at 20 mL. 
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Figure 3.6 Column study of Al-SBA-15 with 18 wt.% Ag in JP-8 (725.9 ppmwS) as a 
function of the total adsorption capacity of the sorbent. 
 

A higher silver loading was also explored with JP-8 to see if the adsorption 

capacity could be increased when using real fuel (Figure 3.7). A dramatic increase in 

silver loading, 18 wt.% to 66 wt.%, did result in an increase in adsorption capacity to 

34.60 mgS/g compared to 31.47 mgS/g. This 10% increase in capacity is marred by 

the poor silver efficiency. At 18 wt.% the material adsorbs 0.58 molS/molAg, 

utilizing over half the loaded silver for adsorption, while at 66 wt.% the material 

adsorbs 0.18 molS/molAg, utilizing only about a fifth of the silver. 
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Figure 3.7 Al-SBA-15 24-hour batch test with JP-8 comparing 66 wt.% with 18 wt.% 
Ag loading. Adsorption capacity in blue and silver efficiency in red. 
 

 An initial comparison between Al-SBA-15 and MCM-41 was performed by 

doing side-by-side 1-hour fuel tests with JP-8.  Table 3.4 reveals that when both are 

loaded with identical amounts of silver nitrate and tested under the same procedure, 

MCM-41 outperforms Al-SBA-15. The Ag-MCM-41 displays both a higher 

adsorption capacity and higher silver efficiency. The use of MCM-41 will be further 

explored in Chapter 4. 
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Table 3.4 1-hour batch fuel tests with JP-8 (738 ppmwS), silver loaded containing 18 
wt.% Ag 

Sample 
Unloaded 

Adsorption 
Capacity (mgS/g) 

Ag Loaded 
Adsorption 

Capacity (mgS/g) 

Silver 
Efficiency 

(molS/molAg) 

Al-SBA-15  5.2 29.1 0.54 

MCM-41 4.0 34.5 0.64 
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3.4 Conclusions 

The comparison of silver, cerium, and nickel reveal the following trend in 

adsorption capacity: 

Ag+ > Ce3+ > Ni2+ 

The overall performance based on loading procedure of (Al)-SBA-15 is as follows: 

Wet impregnation > Aminopropyl functionalization > Exchange 

Exchange is best performed at an elevated temperature without post-exchange 

calcination in air. Overall, 18 wt.% Ag-Al-SBA-15 is a promising desulfurization 

sorbent for JP-8, capable of reaching 20 ppmwS levels and with a high silver 

efficiency of 0.57 molS/molAg. This material outperformed existing published 

sorbents in terms of overall adsorption capacity. However, it was not capable of 

achieving a sub 1 ppmwS level. While SBA-15 and Al-SBA-15 are promising 

materials for the desulfurization of jet fuel, their pore size is excessively larger than 

that required to accommodate the contaminants of JP-8. By slightly decreasing the 

pore size, the surface area can be increased, allowing for a greater adsorption 

capacity. Analogous in structure, yet with smaller pore size, MCM-41 may be a more 

effective alternative to investigate. 
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Chapter 4 
 
 

MCM-41 and its Derivatives as Sorbents 
for the Desulfurization of JP-8 

 

Abstract 

Effective adsorbents are needed for the desulfurization of JP-8 fuel to meet the 

energy needs of the U.S. military. If ultra-low sulfur JP-8 is obtained, it can be used 

as a fuel source for solid oxide fuel cells. Here, we compare the use of silver loaded 

MCM-41, aluminosilicate MCM-41 (Al-MCM-41), and MCM-41 nanoparticles 

(MSN). We report the desulfurization performance of optimally loaded MCM-41, and 

the first real fuel desulfurization applications of Al-MCM-41 and MSN. Silver-loaded 

MSN displays a four-fold greater performance towards JP-8 fuel over previously 

reported sorbents, whereas MCM-41 displays a three-fold greater capacity. Al-MCM-

41 displays a high first cycle capacity, but poor reproducibility after regeneration.  

Silver-impregnated MSN and MCM-41 were found to have saturation adsorption 

capacities of 32.6 mgS/g and 25.4 mgS/g, respectively.  MSN displays a high 

capacity for the sterically hindered 4,-6-dimethyldibenzothiophenes along with a 

breakthrough capacity of 0.98 mgS/g at 10ppmwS, which is twice that of previously 

published materials. 
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4.1 Introduction 

MCM-41, discovered by Mobil researchers in 1992, is a mesoporous silicate 

material characterized by its hexagonal array of channels whose pore sizes can be 

tuned based on the synthetic conditions.1 MCM-41 synthesis typically employs the 

use of the cationic surfactant cetyltrimtylammonium bromide (CTAB), shown in 

Figure 4.1, as a templating agent. However, the chain length of this surfactant can be 

tailored to produce different pore sizes. In addition, swelling agents can be added to 

the synthesis to increase pore size.1  

 

Figure 4.1 Chemical structure of CTAB containing a 16 carbon hydrophobic tail and 
an ionic head hydrophilic head group. 
 
 
 The high surface area and tunable pore size of MCM-41 has drawn much 

attention to the material as a potential sorbent for a variety of applications including 

water remediation.2-5 Its high surface area also makes it ideal for use as a catalyst 

support.6-8 Furthermore, MCM-41 has been explored as a delivery vehicle for 

theraputics.9, 10 

 MCM-41 has been explored for adsorptive desulfurization with both real and 

model fuels, and as a support for catalytic desulfurization.11-13 CuCl/MCM-41 and 

PdCl2/MCM-41 were tested with JP-5 (841 ppmwS) and found to have saturation 

adsorption capacities of 14.4mgS/g and 16.0 mgS/g respectively, which are 
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noteworthy.14 Cuprous oxide loaded MCM-41 was also explored, but with 

disappointing results compared to Cu+ when tested with JP-5.15 Nickel nanoparticle 

loaded MCM-41 demonstrated the capacity to desulfurize several milliliters of model 

fuel per gram of sorbent to below 10 ppmwS.16 Lanthanum loaded MCM-41 was 

found to have a high breakthrough capacity of 1.53 mgS/g with diesel fuel.17 Chen et 

al. tested AgNO3 impregnated MCM-41 for the desulfurization of JP-5 (initial 

concentration 1172 ppmwS). Their material displayed a saturation adsorption capacity 

of 32.1 mgS/g and a breakthrough capacity at 10 ppmwS of 15.7mgS/g.18 They were 

able to solvent regenerate their material to maintain 50% of its original capacity on 

the second cycle.18 Overall, the current research points to MCM-41 being a promising 

framework, witch metal ions being more favorable than the corresponding metal 

oxide, and silver the most promising metal ion tested to date. 

 Aluminosilcate MCM-41 has been tested as a possible desulfurization sorbent 

for model fuels. Meng and coworkers tested aluminosilicate versions of MCM-41 and 

SBA-15 loaded with Ag+, Ni2+, or Ce3+ for the desulfurization of model fuel.19 

However, they neglected to compare the aluminosilicate frameworks to the pure 

silicate versions, making it impossible to draw conclusions as to whether the 

alumination was beneficial.  

 While MCM-41, and to a lesser extent Al-MCM-41, have been explored as 

desulfurization adsorbents, MCM-41 silica nanoparticles (MSN) have yet to be tested 

for this application. MSN’s small size and high surface area make it ideal for a variety 

of applications including drug delivery, catalysis, imaging, and sensing.20-22  These 
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properties also make them a promising framework for adsorptive desulfurization. 

Reports of mesoporous silica nanoparticles (not MCM-41 structured) have been used 

with model fuels. Fe3O4 magnetic core mesoporous silica microspheres were reported 

to desulfurize model fuel, yielding capacities of 4.70 mgS/g after introducing 

AgNO3.
23   

 Ag-MCM-41 has been reported for desulfurization, however, the authors did 

not report any attempts to optimize the silver loading, or give their reasoning for the 

amount of silver selected. The derivatives of MCM-41, aluminosilicate (Al-MCM-41) 

and nanoparticle MCM-41 (MSN), have not been tested with silver as potential 

desulfurization sorbents. Herein, we elucidate the optimized silver loading for these 

three frameworks: MCM-41, Al-MCM-41, and MSN, and determine the most 

promising sorbent for adsorptive desulfurization of JP-8. We also optimize the 

regeneration procedure, explore the binding mechanism between the organosulfur 

contaminants and the sorbent, and study the selectivity of organosulfur removal over 

non-sulfur containing aromatics. 
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4.2 Experimental 

4.2.1 Materials 

All chemicals were used as received without further purification.  

Tetraethylorthosilicate (TEOS), benzothiophene (BT), and dibenzothiophene (DBT) 

were all obtained from Acros Organics.  Sodium hydroxide, aluminum isopropoxide, 

ammonium hydroxide, and naphthalene (NA) were obtained from Fisher Scientific.  

Cetyltrimethylammonium bromide (CTAB), diethyl ether, and bulk MCM-41 were 

obtained from Sigma Aldrich.  Silver nitrate was obtained through MP Biomedicals, 

decane from TCI, 4,6-dimethyldibenzothiophene (DMDBT) from Frontier Scientific, 

and isopropanol from Ricca Chemical. 

 

4.2.2 Synthesis of Al-MCM-41 

High aluminum content MCM-41 was synthesized in a similar manner to that 

found in literature24. 1.4 g of aluminum isopropoxide was dissolved in 21.88 g of 

isopropanol with magnetic stirring. In a separate beaker, 3.6 g of CTAB was 

dissolved in 120 g doubly distilled deionized water and 9.24 g ammonium hydroxide. 

10.00 g of TEOS was added to the isopropanol solution, stirred, and then added 

dropwise to CTAB solution over approximately 15 minutes with stirring. The solution 

was allowed to stir for an additional 30 minutes before static aging overnight at room 

temperature. The solid was filtered and rinsed with copious amount of doubly 

distilled deionized water. The material was dried and then calcined at 550oC for 5 

hours with a 1°C/min ramp rate. 
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4.2.3 Synthesis of MSN 

 MCM-41 nanoparticles (MSN) were synthesized using a method 

previously published by our lab.25  A solution containing 1.0 g CTAB, 0.28 g 

NaOH, and 483.5 g doubly distilled deionized water was stirred at 80 oC at a 

rate of 625 rpm.  After at least 15 minutes of stirring, 4.58 g TEOS was added 

dropwise over a two minute period.  After two hours of stirring, the beaker was 

removed from the oil bath and allowed to age at room temperature prior to 

filtering and rinsing with copious amounts of doubly distilled deionized water.  

The product was then dried, ground, and calcined at 560 oC for 4 hours with a 

ramp rate of 1 oC/min. 

 

4.2.4 Metal Loading 

 MCM-41, MSN, and Al-MCM-41 were loaded with the desired amount 

of silver via wet impregnation.  Silver nitrate was dissolved in a minimal 

amount (typically ~ 0.3 g) of water/ethanol solution and added dropwise to the 

frameworks. Once the samples were wet, they were placed in a 110 ºC vacuum 

oven to dry.  These steps were repeated until the sample had adsorbed all the 

silver from solution.  To achieve 18 wt.% and 20 wt.% Ag, 0.283 g and 0.315 g 

of AgNO3, respectively, were used per gram of framework material. 
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4.2.5 Characterization 

Powder X-ray Diffraction (PXRD) was performed on a Rigaku SmartLab X-

ray diffractometer with Cu Kα radiation.  Samples were analyzed from 2º to 80º (2θ) 

with a step size of 0.01º.  BET surface area of the samples was measured by physical 

adsorption of N2 at 77 K using a Micromeritics physisorption analyzer (TriStar II 

3020 v1.03).  Adsorption/desorption isotherm measurements were collected in the 

relative pressure range (P/Po) from 0.01 to 1.00.  Scanning electron microscopy 

(SEM) and scanning transmission electron microscopy (STEM) data were collected 

with a FEI Quanta 3D Dualbeam microscope.  Inductively Coupled Plasma (ICP) was 

collected on a Perkin-Elmer Optima 7000 DV.  UV–Vis diffuse reflectance spectra 

(UV–Vis DRS) were obtained by using a Varian Cary 5000 UV–Vis–NIR 

spectrophotometer (Harrick Praying Mantis diffuse reflectance cell attachment, 

Teflon standard). 

 

 

4.2.6 Fuel Tests 

Model fuels were made with n-decane and BT, DBT, DMDBT, or NA as the 

contaminant, with concentrations as noted.  Model fuel batch tests were performed 

over 1 hour unless otherwise noted.  JP-8 batch tests were performed over 24 hours 

with approximately 40 mg of sorbent in 5g of JP-8.  Both column and 24-hour batch 

(beaker) test experiments were analyzed for total sulfur concentration using a UV 

total sulfur analyzer (multi EA 3100, Analytikjena) with a detection limit of 45 ppb.  
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Model fuel test concentrations were determined by UV-Vis on a Hewlett-Packard 

Model 8452A spectrophotometer.  FT-IR data was collected after exposing sorbents 

to 500 ppmwS model fuel of DBT in n-decane for 1 hour, rinsing with decane to 

remove any physisorbed DBT, followed by drying at 110°C under vacuum before 

forming KBr pellets. Infrared spectra were recorded using a Perkin-Elmer Spectrum-

One FT-IR. Selectivity tests were performed using a model fuel composed of decane 

containing 7.4 mM dibenzothiophene and 7.4 mM naphthalene (Acros Organics for 

solvent and reagents).  Samples were analyzed by gas chromatography (HP 5890 

Series II, Restek column Rxi-5HT 30m length, 0.25mm I.D., 0.25μm film thickness) 

after one hour exposure to the sorbent.  
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4.3 Results and Discussion 

4.3.1 Synthesis and Characterization 

 Similar synthetic methods were used for both aluminosilicate MCM-41 (Al-

MCM-41) and MCM-41 nanoparticles (MSN). Figure 4.2 shows the general synthetic 

scheme: the templating agent self assembles into micelles where the silicate 

precursors (or aluminosilicate precursors in the case of Al-MCM-41) condense 

around them, followed by removal of the templating agent to yield a mesoporous 

framework. Other than the addition of aluminum, the major synthetic differences 

between bulk Al-MCM-41 and MSN is the relative solvent concentration and stir 

speed. Bulk Al-MCM-41 can be produced in a relatively concentrated solution and 

stir speed does not need to be closely regulated. However, the MSN synthesis 

requires a very dilute reaction mixture and a highly regulated stir speed, and without 

both spherical nanoparticles will not be obtained.  
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Figure 4.2 Representation of the synthesis of MCM-41. The templating agent, 
CTAB, self-assembles into hexagonally packed cylindrical micelles (1). These 
micelles are surrounded by TEOS (2) and go through hydrolysis to form a solid 
framework (3). The CTAB can then be removed through extraction or calcination (4). 
The framework is then impregnated with silver (5). 
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Both synthetic procedures for aluminosilicate MCM-41 (Al-MCM-41) and  

nanoparticle MCM-41 (MSN) utilized CTAB as the organic templating agent. This 

resulted in the (100) peak for both to have a similar d-spacing by PXRD analysis, 

indicating similar pore sizes. The most dramatic difference between the PXRD 

patterns of MCM-41 (Figure 4.3), MSN (Figure 4.4), and Al-MCM-41 (Figure 4.5) is 

that for Al-MCM-41 only the (100) peak is present. For both MCM-41 and MSN the 

(110) and (200) are clearly visible, and the (210) peak is detectable. This indicates the 

MSN synthesis and commercial MCM-41 have more long-range order than the Al-

MCM-41 material. It is common to see this occur as the Si:Al ratio is decreased in 

aluminosilicate MCM-41, as does the overall intensity of the PXRD peaks, and the 

(110), (200), and (210) peaks can be completely absent.26, 27  
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Figure 4.3 PXRD of bulk powder MCM-41 and Ag-MCM-41 which is loaded with 
18 wt.% Ag. Inset: lacks higher angle peaks, indicating silver is well dispersed. 
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Figure 4.4 PXRD of MSN and Ag-MSN which is loaded with 20 wt.% Ag. Inset: 
lacks higher angle peaks, indicating silver is well dispersed. 
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Figure 4.5 PXRD of bulk powder Al-MCM-41 and Ag-Al-MCM-41 which is loaded 
with 18 wt.% Ag. Inset: lacks higher angle peaks, indicating silver is well dispersed. 
 
 
 The PXRDs for all three MCM materials (Figures 4.3, 4.4, and 4.5) indicate 

that when wet impregnated with silver, there is no effect to the overall structure. Also, 

an examination of the higher angle regions show no peaks associated with silver 

nitrate or silver oxide, indicating that the silver is well dispersed within the 

structure.28 

  The UV-visible diffuse reflectance spectra (Figures 4.6, 4.7, 4.8) show a 

high intensity above 200 nm for all three silver loaded materials, indicative of 

the presence of Ag+, which is commonly seen in literature appearing around 



 114 

250 nm.29, 30 A band at 290 nm indicates the presence of Agδ+. There is a much 

more pronounced shoulder for Ag-MCM-41 compared to Ag-Al-MCM-41 in 

this region (Figure 4.7). This indicates a higher silver oxide content in Ag-

MCM-41, which is expected because of its neutral framework.29, 30 Al-MCM-

41 has a negatively charged framework, which is expected to better stabilize 

the positive charge of the silver ions. 

 

 

Figure 4.6 UV-Visible diffuse reflectance spectra of MCM-41 and Ag-MCM-41 
loaded with 18 wt.% Ag. 
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Figure 4.7 UV-Visible diffuse reflectance spectra of Ag-MCM-41 (blue) and Ag-Al-
MCM-41 (red), both loaded with 18 wt.% Ag. 
 
 
 



 116 

 
 
Figure 4.8 UV-Visible diffuse reflectance spectra of Ag-MSN loaded with 20 wt.% 
Ag. 
 
 
  The surface area of all three materials was determined through BET 

analysis. The majority of surface area for each framework was retained after 

being loaded with their optimized (described below) amount of silver via wet 

impregnation using silver nitrate (Table 4.1). MSN has the highest surface area, 

which is expected due to its small particle size in addition to having the same 

pore structure as MCM-41 and Al-MCM-41.28  
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Table 4.1 BET surface area analysis; MCM-41 and Al-MCM-41 are loaded with 18 
wt.% and MSN is loaded with 20 wt.% silver 

Sorbent 
Surface Area Before Ag 

Loading (m2/g) 
Surface Area After Ag 

Loading (m2/g) 

MCM-41 883.6 528.4 

Al-MCM-41 978.0 765.3 

MSN 1068 703 

 
 
 

 

Figure 4.9 N2 adsorption (blue) and desorption (red) isotherms for MCM-41 (a), Ag-
MCM-41 (b), MSN (c), and Ag-MSN (d). Insets show pore size distribution.  



 118 

 
 Further analysis of the N2 adsorption and desorption isotherms were 

performed on the native and silver loaded forms of MCM-41 and MSN. The pore 

volume and diameter was found to be larger for the MSN compared to MCM-41, as 

shown in Table 4.2. The pore volume decreased by ~ 30% with silver loading for 

MSN, and ~ 40% for MCM-41. The pore diameter remained relatively constant 

before and after silver loading, with only a slight decrease observed.28  

 
Table 4.2 Physical characteristics obtained from N2 isotherms 

Sorbent BJH Pore Volume 
(cm3/g)a 

BJH Pore Diameter 
(nm)b 

MCM-41 1.05 3.12 

Ag-MCM-41 0.61 3.06 

MSN 1.35 3.17 

Ag-MSN 0.93 3.16 

aBJH adsorption pore volume; bBJH adsorption average pore diameter 
 
 
 STEM and SEM analyses were used to discern the different morphologies 

between the MSN and MCM-41. MCM-41, which is a bulk powder, contains a 

variety of particle shapes, mostly in the micron range, as shown in Figure 4.10. 

MSN, in contrast, consists of spherical nanoparticles with an average diameter 

of ~ 80 nm, as shown in Figure 4.11.28  
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Figure 4.10 SEM micrograph of bulk powder MCM-41. 
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Figure 4.11 SEM micrograph of MSN. 
 
 

Further analysis was done on MSN and Ag-MSN using TEM to elucidate the 

fine structure and silver distribution. TEM of MSN (Figure 4.12) reveals the 1D pores 

that run across the entire nanoparticle. Figure 4.13 shows that the silver is uniformly 

dispersed throughout the nanoparticle. Small silver clusters, likely composed of silver 

nitrate based on the UV-Vis DRS results, are present throughout the nanoparticle. The 

largest clusters are approximately 5 nm across while the majority of the visible 

clusters are less than 2 nm.28 
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Figure 4.12 TEM micrograph of MSN. 
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Figure 4.13 TEM micrograph of Ag-MSN. 
 
 
4.3.2 Model Fuel Tests 
 

To determine the ideal amount of silver nitrate to load into the MCM 

frameworks, 1-hour model fuel tests were performed using a variety of loading 

amounts. Al-MCM-41 and MCM-41 displayed a similar trend. The model adsorption 

capacities for MCM-41 are shown in Figure 4.14. The adsorption capacity reached a 

peak at 18 wt.% Ag, and then decreased at 21 wt.%. For Ag-MSN, as shown in 

Figure 4.15, the capacity reached a peak at 20 wt.%, where it absorbed 12.7 mgS/g. 

After 20 wt.%, a decrease was observed to only 9.4 mgS/g at 25 wt.%.28 The 
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adsorption capacity increases with increased silver loading up until a point where the 

silver, which provides binding sites for the organosulfur compounds, is still highly 

dispersed. However, after a point the silver likely starts to aggregate. Only the surface 

of these aggregates is available to bind organosulfur, and as the aggregates get larger 

they can block the pores. This effect has been seen with silver loaded TiO2, where 

increased silver loading leads to decreased surface area and pore volume. The authors 

attribute this to the formation of silver agglomerates.31  For all remaining model fuel 

and JP-8 testing, 18 wt.% loading was used for MCM-41 and Al-MCM-41, and 20 

wt.% was used for MSN. 

 

 
 
Figure 4.14 Optimization of silver loading for bulk powder MCM-41 using 500 
ppmwS model fuel and 1-hour fuel test. 
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Figure 4.15 Optimization of silver loading for MSN using 500 ppmwS model fuel and 
1-hour fuel test. 
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4.3.3 JP-8 Fuel Tests 
 

 
 
Figure 4.16 Column study of Al-MCM-41 loaded with 18 wt.% Ag (red) and column 
study after regeneration with isooctane (blue). 
 
 
  Figure 4.16 shows Ag-Al-MCM-41 regenerated using isooctane, which 

has been reported as a viable solvent for regeneration of desulfurization 

sorbents.32 However, on the first cycle the initial outlet concentration of the 

fuel was 7.5 ppmwS whereas after regeneration it was initially 88.9 ppmwS. 

This demonstrates that isooctane is unable to produce a sorbent capable of 

reaching deep desulfurization levels. It is possible that some of the binding 

between the silver and organosulfur contaminants is too strong to be broken by 

an isooctane rinse. Figure 4.17 shows the same material regenerated with 
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diethyl ether, another solvent which has been demonstrated as effective for 

regenerating desulfurization sorbents.33, 34 With this technique, the initial outlet 

concentration was only 2 ppmwS higher in the second cycle, compared to the 

first, which is within the instrument error. Diethyl ether is the preferred solvent 

for solvent regeneration and was used for all remaining regeneration 

experiments. 

 

 
 
Figure 4.17 Column study of Al-MCM-41 loaded with 18 wt.% Ag (red) and column 
study after regeneration with diethyl ether (blue). 
 
 
  Ag-Al-MCM-41 retained 83% of its original capacity, shown in Figure 

4.17, which is far superior to the reported 50% retained capacity with silver 
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loaded MCM-41 regenerated with heat.18 Figure 4.18 shows the first two cycles 

of another batch of Ag-Al-MCM-41, following the same synthetic procedures 

as those used for the material shown in Figure 4.17. They also have nearly 

identical PXRD patterns and very similar first cycle results (minor differences 

result in different column packing in each trial). However, Figure 4.18 shows 

Ag-Al-MCM-41 retaining only 56% of its initial capacity. Overall, there were 

large discrepancies between batches for this sorbent, resulting in an average 

second cycle capacity of 63±14%. High aluminum content in MCM-41 has 

been linked to poor stability and can cause some framework collapse, which is 

likely the cause of poor reproducibility between batches.35, 36 Ag-MCM-41, 

shown in Figure 4.19, resulted in consistent regenerability with an average 

second capacity of 71±1%. Due to its unreliable properties, Al-MCM-41 was 

not further considered as a viable sorbent for this application. 
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Figure 4.18 Column study of Ag-Al-MCM-41 (same synthetic procedure, but 
different batch from that shown in Figure 4.17) loaded with 18 wt.% Ag (red) and 
column study after regeneration with diethyl ether (blue). 
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Figure 4.19 Column study of MCM-41 loaded with 18 wt.% Ag (red) and column 
study after regeneration with diethyl ether (blue). 
 
 
 In an effort to improve the adsorption capacity of Ag-MCM-41, we 

synthesized a nanoparticle form of MCM-41 in order to increase the overall surface 

area. Materials with increased surface consistently showed increased desulfurization 

adsorption capacities.37 Figure 4.20 shows the first and second cycle for Ag-MSN.  

The first cycle processed significantly more fuel before being completely saturated. 

At 40 mL, the material was still capable of removing a small amount of sulfur, 

whereas Ag-MCM-41 was completely spent after 25 mL. In addition, the second 

cycle performed similarly to the first cycle of Ag-MCM-41. 
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Figure 4.20 Column study of MSN loaded with 20 wt.% Ag (red) and column study 
after regeneration with diethyl ether (blue). 
 
 
 By converting the data in Figures 4.19 and 4.20 to adsorption capacities, we 

can compare the performance of the first and second cycles of Ag-MCM-41 and Ag-

MSN. Ag-MCM-41 has a first cycle column capacity of 23.0 mgS/g, whereas Ag-

MSN has a first cycle capacity of 41.9 mgS/g. After regeneration, Ag-MSN has a 

capacity of 21.0 mgS/g, nearly that of Ag-MCM-41’s first cycle. Batch model fuel 

testing showed a first cycle capacity of 12.7 mgS/g for Ag-MSN and a drop to 9.2 

mgS/g, corresponding to ~ 70% regeneration via this method. This 30% decrease is 

likely due to a loss in silver. ICP analysis confirms that ~ 30% of the silver content 
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was lost after regeneration. The column study shows a lower regenerability, likely 

due to the column conditions causing a greater silver loss. 

 
 
Figure 4.21 Column study of Ag-MCM-41 and Ag-MSN showing initial run and 
after one regeneration with diethyl ether, shown in terms of adsorption capacity. 
 
 
 A second regeneration cycle was performed on Ag-MSN, as shown in Figure 

4.21. The second regeneration again shows approximately 50% decrease in capacity. 

All three cycles do initially start with 100% sulfur removal, demonstrating that over 

two cycles the ability of Ag-MSN to reach deep desulfurization levels of less than 1 

ppmwS is not diminished. But, the overall adsorption capacity is affected; the material 

reaches a point of saturation after processing far less fuel than in the original cycle. 
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This loss of function is attributed to a loss of silver occurring either during the 

desulfurization or regeneration process, which was confirmed by ICP.28  

 

Figure 4.22 Column study of MSN loaded with 20 wt.% Ag (red) and column study 
after regeneration with diethyl ether (blue) and a second regeneration with diethyl 
ether (black). 
 
 Breakthrough capacities – the adsorption capacity of a material before the 

outlet concentration is above a designated threshold – were calculated for all three 

silver loaded frameworks. As shown in Table 4.3, Ag-MSN had the largest 

breakthrough capacity at 10 ppmwS, and was significantly higher than the highest 

value that has been reported in literature.28 
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Table 4.3 Breakthrough capacities from column studies with JP-8 compared to the 
highest reported literature value tested with JP-8 (initial concentration 630 ppmwS) 
 

Sorbent 
Breakthrough Capacity at  

10 ppmwS (mgS/g) 

Ag-MCM-41 0.21 

Ag-Al-MCM-41 0.39 

Ag-MSN 0.98 

Ag- TiOx-Al2O3
38 0.38 

 
 

24-hour batch tests with JP-8 are shown in Table 4.4. The unloaded 

frameworks had very low capacities, but MSN had a significantly higher capacity 

than MCM-41, likely due to its surface area. Both Ag-MCM-41 and Ag-MSN have 

significantly higher capacities than those presented in literature. The silver efficiency 

of these materials is also of note: the more efficiently a material uses the metal with 

which it is loaded, the lower cost the sorbent will be (as silver is the most expensive 

part of these sorbents). Both the Ag-MCM-41 and Ag-MSN adsorbed more sulfur per 

mole of silver than the Ag-TiOx-Al2O3 sorbent reported by Tatarchuk and 

coworkers.
38 The silver impregnated Ag-MCM-41 tested by Chen et al. with JP-5 

was loaded with 0.60 g of AgNO3 per gram of MCM-41, corresponded to 38 wt.% 

Ag.18 Based on their reported data, this would correspond to silver efficiency of 0.28 

mol S/mol Ag, substantially lower than our reported values, despite their framework 

being tested with JP-5, which is inherently easier to desulfurize. This demonstrates 
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that our 18 wt.% Ag loading of MCM-41 was far more optimized than their reported 

material. 

 
Table 4.4 24-hour adsorption capacities using JP-8 for MCM-41  
and MSN pre- and post-loading with optimized amount of silver compared to 
the highest previously published value (taken with 630 ppmwS JP-8)38 
 

Sorbent 
Optimized Adsorption 

Capacity (mgS/g) 
Silver Efficiency 
(mol S/mol Ag) 

MCM-41 0.8 - 

Ag-MCM-41 25.4 0.48 

MSN 4.6 - 

Ag-MSN 32.6 0.55 

Ag-TiOx-Al2O3
38 8.01 0.27 

 
 
 
 
4.3.4 Selectivity and Mechanism Studies 
 
  Comparison studies using a variety of single contaminant model fuels 

(see Figure 4.23) can reveal insight into the binding mechanism between 

framework and contaminant.39-41 By exposing Ag-MSN to different model 

fuels in isomolar concentration, we were able to observe whether S-M binding, 

π-complexation, or both are occurring. Ag-MSN was placed in model fuels 

equivalent to 500 ppmwS (for those containing sulfur), and the 1-hour 

adsorption capacities are shown in Figure 4.24.  Dibenzothiophene and 

DMDBT have higher electron density on their sulfur atom than BT, as 
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calculated using density functional theory.39 If S-M binding is occurring, the 

adsorption capacities should be larger for DBT and DMDBT than for BT. This 

trend was indeed observed, as shown in Figure 4.24.  Furthermore, the 

sterically hindered sulfur on DMDBT had a lower adsorption capacity, pointing 

to direct S-M binding as a likely adsorption mechanism. Hindrance around the 

sulfur atom inhibits binding, whereas if binding was only occurring through 

π-complexation, steric hindrance around the sulfur atom should not have an 

affect.  The sulfur-free naphthalene was still adsorbed by Ag-MSN in a lower 

capacity than the sulfur containing molecules, demonstrating that 

π-complexation must also be occurring. 

 
 
Figure 4.23 Structure of the four different model contaminants tested: 
benzothiophene (BT), naphthalene (NA), dibenzothiophene (DBT) and 4,6-
dimethyldibenzothiophene (DMDBT). 
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Figure 4.24 1-hour adsorption capacities for Ag-MSN in single contaminant model 
fuels.  4,6-dibenzothiophene (DMDBT), dibenzothiophene (DBT), and 
benzothiophene (BT) are all 500 ppmwS and naphthalene (NA) is isomolar to them. 
 
 
  GC analysis was used to observe the selectivity of the sorbent towards 

sulfur aromatics over hydrocarbon aromatics.  We studied a model fuel 

containing equimolar amounts of naphthalene and dibenzothiophene in decane, 

as has been reported previously for selectivity studies.42 Table 4.5 summarizes 

the amounts of naphthalene and dibenzothiophene removed from a model fuel 

consisting of an equimolar solution in decane.  Figure 4.25 pictorially 

represents the selectivity; while both dibenzothiophene and naphthalene are 

present, the material selectively removes the dibenzothiophene. While some of 

the naphthalene was removed, both materials adsorbed three times more 

dibenzothiophene. 
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Table 4.5 1-hour fuel tests results using two-contaminant model fuel of isomolar 

DBT and NA in decane 

 

Sorbent mmol/g NA mmol/g DBT 

Ag-MCM-41 0.04 (1) 0.14 (3) 

Ag-Al-MCM-41 0.06 (1) 0.18 (4) 

 
 
 
 
 

 
 
Figure 4.25 Selectivity of MCM-41 towards dibenzothiophene over NA. 
 
 
 FT-IR was used to examine the adsorption mechanism and regenerability of 

the materials using diethyl ether. When dibenzothiophene binds in a perpendicular 
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fashion with respect to the adsorbent surface, an increase in its peak at 731 cm-1 is 

observed, while parallel binding shifts this peak down, as shown in Figure 4.26.43  A 

perpendicular orientation of the dibenzothiophene molecule would support a S-M 

binding mechanism, whereas parallel supports π-complexation. As seen in Figure 

4.27, the peak is located at 743 cm-1, indicating a perpendicular binding fashion, and 

thus supporting S-M binding. A similar shift was also observed with Ag-MCM-41. 

The figure shows the complete removal of the DBT peak after a rinse with diethyl 

ether. In Chapter 3, it was observed that Ag-Al-SBA-15 could be regenerated more 

efficiently with diethyl ether rather than isooctane. With the addition of the data in 

Figure 4.27, we see that diethyl ether is capable of removing essentially all of the 

adsorbed DBT. 
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Figure 4.27 FT-IR of free DBT showing a band at 734 cm-1 that will shift depending 
on whether DBT is perpendicular or parallel to the sorbent surface. Bottom of figure 
shows the two possible binding modes: perpendicular implies direct S-M binding 
with the silver (purple), whereas parallel implies π-complexation. 
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Figure 4.26 FT-IR of Ag-MSN prior to fuel exposure (top), after 1-hour in 500 
ppmwS model fuel of dibenzothiophene in decane (middle), and after solvent 
regeneration using diethyl ether (bottom).  The stretch from DBT is denoted with an 
asterisk. 
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4.4 Conclusions 
 
  In summary, Ag-MSN is the most effective form of MCM-41 for the 

desulfurization of JP-8. Ag-MSN displays a 24-hour adsorption capacity of 

32.6 mgS/g, which is significantly greater than previously published materials. 

Ag-MCM-41 displays a 24-hour capacity of 25.4 mgS/g.  Ag-MSN has a 

record breakthrough capacity at 10 ppmwS of 0.98 mgS/g for JP-8, while Ag-

Al-MCM-41 and Ag-MCM-41 display 0.39 mgS/g and 0.21 mgS/g 

respectively. The regenerability of Ag-Al-MCM-41 was found to be highly 

inconsistent between batches compared to MCM-41. The model fuel 

regenerability of Ag-MSN is ~ 70%, which is much higher than other reports of 

Ag-MCM-41.  Mechanism studies support an S-M binding as the major mode 

of adsorption, while π-complexation likely also occurs.  Overall, the higher 

surface area of MSN compared to MCM-41 is responsible for its superior 

performance as a desulfurization sorbent. MCM-41 and its derivatives show 

promise as sorbents for adsorptive desulfurization. However, improvements in 

increasing their reusability are necessary for them to become viable options for 

solid oxide fuel cell applications. 
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Chapter 5 
 
 

Mesoporous Silica-Zirconia Frameworks as 
Desulfurization Adsorbents 

 

Abstract 

A series of silica-zirconia sorbent materials templated by variable length long-

chain primary alkylamines is explored for the desulfurization of JP-8 jet fuel.  

Octylamine, dodecylamine, and hexadecylamine were explored as templating agents, 

resulting in three different pore sizes and surface area. Pure silica frameworks and 

those with an Si:Zr synthesis molar ratio ranging from 44:1 to 11:1 were investigated. 

Optimization tests were performed with model jet fuel and the results are confirmed 

with real JP-8. Those templated by hexadecylamine and octylamine had lower 

capacities than those templated with dodecylamine. The optimum sorbent was 

identified as dodecylamine-templated silica-zirconia synthesized from a gel Si:Zr 

molar ratio of 15:1. With optimized silver loading of 12 wt.%, a saturation adsorption 

capacity of 39.4 mgS/g and a silver efficiency of 1.21 molS/molAg was observed for  

JP-8.  Mechanism studies show that this material is capable of both S-M binding and 

π-complexation, but S-M binding is the dominant desulfurization mechanism. Model 

fuel regeneration studies show an improvement over those reported with Ag-MSN in 

Chapter 4. 
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 5.1 Introduction 

 Highly effective desulfurization adsorbents are needed for the desulfurization 

of JP-8 to make the use of this fuel for solid oxide fuel cells in the military a reality. 

In an effort to meet this demand, a myriad of common high surface area frameworks 

have been explored, including zeolites, MCM-41, and SBA-15. While some of these 

frameworks show promise, a more unique framework may offer a solution. Research 

has been done on more exotic frameworks, such as metal-organic frameworks. 

However, these are impractical to produce in the amounts required because they often 

use complex procedures that are difficult to scale up or the use of organic linkers that 

are much more expensive than the components of inorganic metal oxide 

frameworks.1, 2 There is a need for new frameworks that are both affordable and 

robust. 

 

5.1.1 Primary Alkylamines as Templating Agents 

 The use of tertiary amines, such as cetyltrimethylammonium bromide (CTAB) 

to produce MCM-41, is very common for producing mesoporous materials. However, 

primary amines, including octylamine (OA), dodecylamine (DDA), and 

hexadecylamine (HDA), shown in Figure 5.1, have also been used effectively as 

templating agents. The size of the headgroup in proportion to the chain length is very 

important in the production of micelles, the formation of cylindrical or rod-like 

micelles (which would be an ideal template pores) favors smaller headgroups than 

those necessary for spherical micelles.3, 4 Primary alkylamines do have smaller 
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headgroups than CTAB, which is capable of forming both spherical and cylindrical 

micelles.5 This decrease in headgroup size can be compensated for by also decreasing 

the chain length.3 However, despite their small headgroup, primary alkylamines have 

been observed to form cylindrical micelles.6-8 of Prado and coworkers were able to 

produce mesoporous silicas using OA as the template with pore sizes ranging from 

2.15 to 2.51 nm and surface areas as high as 983 m2/g.9 DDA has been used to create 

titania with a surface area above 500 m2/g (titania with high surface area is much 

more difficult to synthesize than high surface area silicas) and mesoporous silica with 

a surface area above 1000 m2/g.10, 11 Hexadecylamine has successfully been used as a 

substitute for CTAB in the synthesis of MCM-41 like materials12, 13 and high surface 

area mixed metal oxides exceeding 1300m2/g.14, 15 

 

Figure 5.1 Structures of three primary alkylamines that can be used as templating 
agents for mesoporous materials: octylamine (OA), dodecylamine (DDA), and 
hexadecylamine (HDA). 
 
 
 
 



 150 

5.1.2 Zirconia for Desulfurization 

Zirconia-containing mesoporous frameworks have been explored for both 

catalytic and adsorptive desulfurization.16-20  Kwon and coworkers showed 20% 

greater sulfur adsorption for a mesoporous silica/zirconia material compared to the 

pure silica version, even though the latter had a higher surface area.  The Si/Zr 

material was successfully solvent-regenerated to 78.6% with methyl isobutyl 

ketone.16  Kumar and coworkers examined zirconia-based materials prepared by 

precipitation and reflux followed various procedures for doping with sulfate with a 

range of surface areas (16.84-322.0 m2/g).17 The sulfated and pure zirconia samples 

were capable of adsorbing between 40 and 50% of the dibenzothiophene present in a 

model fuel and the adsorption was found to be exothermic in nature.17  Copper 

supported on zirconia has been shown to be effective in the adsorption of thiophene 

from n-octane.18 In this study, porous zirconia was obtained by calcination of 

commercial zirconium hydroxide, which was then wet impregnated with 1-6 wt.% 

copper nitrate and reduced under hydrogen at 300oC.18 Ultimately, zirconia loaded 

with 3 wt.% copper was able to remove 15.7 mgS/g thiophene from a model fuel, 

which is impressive considering the low amount of copper loaded onto the 

framework.18  In an effort to better understand the adsorption mechanism of zirconia, 

Larrubia and coworkers used FT-IR studies to probe the interactions between 

benzothiophene (BT), DBT, and dimethyldibenzothiophene (DMDBT) and the 

surface of zirconia. They found that these organosulfur compounds were adsorbed 
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onto zirconia through Lewis-type acid-base interactions occurring between the sulfur 

and the sorbent’s surface.20  

Herein, we describe a series of silver loaded mesoporous silica-zirconia based 

materials synthesized with three different surfactant chain lengths and varying 

zirconia content.  Both model fuel and actual JP-8 were studied to ascertain an 

optimal sorbent for the desulfurization of JP-8 fuel. 
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5.2 Experimental 

5.2.1 Materials 

All chemicals were used as received without further purification.  

Tetraethylorthosilicate (TEOS), dodecylamine (DDA), hexadecylamine (HDA), 

octylamine (OA) benzothiophene (BT), and dibenzothiophene (DBT) were all 

obtained from Acros Organics.  Naphthalene (NA) was obtained from Fisher 

Scientific.  70% zirconium n-propoxide in isopropanol was obtained from Alfa Aesar.  

200 proof ethanol was obtained from Decon Laboratories, Inc.  Silver nitrate was 

obtained through MP Biomedicals, decane from TCI, and 4,6-

dimethyldibenzothiophene (DMDBT) from Frontier Scientific. 

 

5.2.2 Synthesis of HDA based frameworks 

The synthesis of HDA based frameworks is a modified version published by 

Tuel and coworkers.21  In a typical synthesis, 1.445 grams of HDA was dissolved in 

6.013 grams of ethanol with magnetic stirring; then 11.133 grams of water was added 

to the solution and stirring continued for at least 5 minutes. A second solution of 4.16 

grams TEOS and the desired amount of zirconium n-propoxide in 70% isopropanol 

was mixed and added in a quick dropwise fashion to the first solution, over about 30 

seconds. Stirring was continued for 30 minutes followed by static room temperature 

aging overnight.  The solid underwent the same filtration, reflux, and calcination 

procedures as the DDA materials. 
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5.2.3 Synthesis of DDA based frameworks 

In a typical synthesis, 1.355 grams of DDA was dissolved in 7.139 grams of 

ethanol with magnetic stirring; then 11.135 grams of water was added to the solution 

and stirring continued for at least 5 minutes.  A second solution of 4.16 grams TEOS 

and the desired amount of zirconium n-propoxide in 70% isopropanol was mixed and 

added in a quick dropwise fashion to the first solution, over about 30 seconds.  

Stirring was continued for 1 hour followed by static room temperature aging 

overnight.  The solid was filtered and rinsed with doubly deionized water and ethanol, 

then refluxed for 1 hour in approximately 100 grams of 200 proof ethanol, followed 

by filtration and ethanol rinsing.  The solid was then calcined at 450 oC for 7 hours 

with a 1 oC/min. ramp rate. 

 

5.2.4 Synthesis of OA based frameworks 

In a typical synthesis, 1.15 grams of OA, 5.99 grams of ethanol, and 11.769 

grams of doubly deionized water was magnetically stirred for at least 5 minutes.  A 

second solution of 4.16 grams TEOS and the desired amount of zirconium n-

propoxide in 70% isoproponal was mixed and added in a quick dropwise fashion to 

the first solution, over about 30 seconds.  Stirring was continued for 1 hour followed 

by static room temperature aging overnight.  The solid was filtered, dried, and then 

calcined at 450 oC for 7 hours with a 1 oC/min. ramp rate. 

 

 



 154 

5.2.5 Silver loading 

The desired amount of silver was loaded onto the frameworks via wet 

impregnation: silver nitrate was dissolved in a water/ethanol solution and then added 

dropwise to the framework until moist.  The framework was then dried at 110 oC 

under vacuum.  This process was repeated until all the silver solution was loaded onto 

the framework. 

 

5.2.6 Characterization 

Powder X-ray Diffraction (PXRD) was performed on a Rigaku MiniFlex+ X-

ray diffractometer with Cu-Kα radiation.  Samples were analyzed from 1.5º to 10º 

(2θ) with a step size of 0.01º, unless noted otherwise, and a scan rate of 1o per minute. 

BET surface area of the samples was measured by physical adsorption of N2 at 77 K 

using a Micromeritics physisorption analyzer (TriStar II 3020 v1.03).  

Adsorption/desorption isotherm measurements were collected in the relative pressure 

range (P/Po) from 0.01 to 1.00.  Scanning electron microscopy (SEM) and scanning 

transmission electron microscopy (STEM) data were collected with a FEI Quanta 3D 

Dualbeam microscope.  Inductively Coupled Plasma (ICP) was collected on a Perkin-

Elmer Optima 7000 DV.  UV–Vis diffuse reflectance spectra (UV–Vis DRS) were 

obtained by using a Varian Cary 5000 UV–Vis–NIR spectrophotometer (Harrick 

Praying Mantis diffuse reflectance cell attachment, Teflon standard). Transmission 

electron microscopy (TEM) data were collected using a JEOL 2100F microscope 
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operated at 200 kV.  Samples were prepared for TEM by sonication in acetone for 3 

minutes prior to dispersal on a TEM grid covered in holey carbon film. 

 

 

5.2.7 Model Fuel and JP-8 Testing 

All model fuel tests were performed with a 50:1 fuel to sorbent weight ratio.  

Model fuels were made with n-decane and BT, DBT, DMDBT, or NA as the 

contaminant.  All sulfur containing model fuels were 500ppmwS (11.38 mM) and the 

NA model fuel was also 11.38 mM.  Model fuel batch tests were performed over 1 

hour unless otherwise noted.  JP-8 batch tests were performed over 24 hours with 

approximately 40 mg of sorbent in 5 g of JP-8.  The JP-8 used for all experiments had 

an average initial sulfur concentration of 750 ppmwS.  Both column and 24-hour 

batch (beaker) test experiments were analyzed for total sulfur concentration using a 

UV total sulfur analyzer (multi EA 3100, Analytikjena) with a detection limit of 45 

ppb.  Model fuel test concentrations were determined by UV-Vis on a Hewlett-

Packard Model 8452A spectrophotometer.  FT-IR data was collected after exposing 

sorbents to 500 ppmwS model fuel of DBT in n-decane for 1 hour, rinsing with 

decane to remove any physisorbed DBT, followed by drying at 110 °C under vacuum 

before forming KBr pellets.  Infrared spectra were recorded using a Perkin-Elmer 

Spectrum-One FT-IR. 
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5.3 Results and Discussion 

5.3.1 Characterization 

Materials using each of three templating agents were synthesized. The 

amounts of zirconia were varied for the materials made with HDA and DDA. DDA-X 

denotes material made with DDA templating agent where X is the gel mole ratio of 

Si:Zr. HDA-X represents a material made with HDA as the templating agent. OA-15 

was prepared with octylamine and has a Si:Zr ratio of 15:1. 

Initial characterization was performed using powder X-ray diffraction 

(PXRD). Figure 5.2 compares the PXRDs of the materials made from each of the 

templating agents. HDA, the longest surfactant consisting of a 16-carbon chain, has 

the lowest angle (100) peak. DDA, with a 12-carbon chain, produces a (100) peak 

between that of HDA and OA. And OA, with just 8 carbons, has the highest angle 

(100) peak. The trend in d-spacing is expected, with the shortest surfactant resulting 

in the smallest d-spacing and the longest surfactant producing the largest d-spacing. 

Table 5.1 quantifies the PXRD data shown in Figure 5.2. The difference in d-spacing 

between HDA-15 and DDA-15 results in a decrease of ~ 7 Å, and again a ~ 7 Å 

decrease between DDA-15 and OA-15. Overall, the HDA-15 and DDA-15 solids 

appear to have more long-range order than that of OA-15.  
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Figure 5.2 PXRD of unloaded, calcined HDA-15, DDA-15, and OA-15 with the 
difference in d100 spacing between the materials denoted with dashed lines. 
 
 
Table 5.1 Summary of PXRD findings 

Material 
d(100) 2 theta 

(degrees) 
d(100) spacing 

(Å) 

OA-15 3.34 26.44 

DDA-15 2.54 34.68 

HDA-15 2.10 42.03 

 
 
 PXRDs of a range of Si:Zr ratios were taken for materials templated with 

DDA, shown in Figure 5.3. The (100) d-spacing remains constant for all materials. A 

slight decrease in long-range order was observed by a decrease in peak height for 
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DDA-11, which has the highest zirconia content. DDA-44, which had the lowest 

zirconia content, and DDA-SiO2 which is pure silica, appeared to have the greatest 

long range order. However, the differences between the entire range of materials was 

subtle.  

 

 
 
Figure 5.3 PXRD of the entire series of DDA based materials. 
 
 

Table 5.2 summarizes the BET surface area results, with the surface area of 

DDA based sorbents higher than that of HDA, and the pure silica version having the 

highest of the DDA materials.  The surface area trend agrees with that seen by Tuel 

and coworkers.21  Their silica/zirconia frameworks with HDA as the surfactant 
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displayed a higher surface area for a gel ratio of 15:1 over 25:1.21  DDA-15 

impregnated with 11 wt.% Ag  had a surface area of 843 m2/g, demonstrating that the 

material retains its very high surface area after silver impregnation, and retains more 

of its surface area than DDA-SiO2. 

 

Table 5.2 Surface area (m2/g) of DDA based sorbents after calcination as 
measured by BET, and surface area after two of the materials were loaded with 
11 wt.% Ag 
 

Material Surface Area 
(m2/g) 

Silver loaded 
Surface Area 

(m2/g) 

DDA-SiO2 1573 807 

DDA-44 1513  

DDA-22 1434  

DDA-15 1471 843 

DDA-11 1246  

 

 

 BJH calculations from the N2 isotherms (Figure 5.4 and 5.5) were used to 

calculate pore widths and pore volumes of DDA-15 and HDA-15, as shown in Table 

5.3. The pore width of HDA-15 of 34 Å is 7 Å greater than DDA-15’s pore width of 

27 Å. This corresponds well to the PXRD data. The pore widths are also similar to 

those seen for other silica based materials templated with HDA and DDA.11, 22, 23 A 

comparison of the pore size distributions (insets of Figure 5.4 and 5.5) show that 

HDA-15 has broader distribution compared to DDA-15. 
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Figure 5.4 N2 adsorption (blue) and desorption (red) isotherms for DDA-15.  Inset 
shows the pore size distribution. 
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Figure 5.5 N2 adsorption (blue) and desorption (red) isotherms for HDA-15.  Inset 
shows the pore size distribution. 

 

 
Table 5.3 Surface area and pore characteristics of sorbents after calcination as 
measured by BET 
 

Material 
BET Surface 
Area (m2/g) 

BJH Pore 
Width (Å) 

BJH Pore 
Volume 
(cm3/g) 

DDA-15 1471 27 1.35 

HDA-15 1055 34 1.32 

 

 
 The diffuse reflectance UV-Vis data for DDA-SiO2 and DDA-15 indicates 

that silver species present are primarily as Ag+, given the large band just above 200 
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nm (Figure 5.6).  A small amount of Agδ+ corresponds to the smaller band just above 

300 nm.24, 25 There was no appreciable difference in silver species based on the 

presence of zirconia, as the spectra were identical for both DDA-SiO2 and DDA-15. 

 

 

Figure 5.6 UV-Vis diffuse reflectance spectra of DDA-templated materials. 

 

 SEM images show that DDA-15 is bulk powder, but with a highly textured 

morphology (Figure 5.7). The powder contains fine particles ranging in diameter 

from hundreds of nanometers to several microns.  Both templating agents, HDA and 

DDA, result in similar powder morphologies. Figure 5.8 provides a closer look at the 
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morphology of DDA-15 and demonstrates that there are no changes to the bulk 

characteristics after silver loading. 

 

 

Figure 5.7 SEM micrographs of DDA-15 (a and b), STEM micrograph of DDA-15  
(c), and SEM of HDA-15 (d). 
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Figure 5.8 SEM micrograph of DDA-15 before silver loading (left) and after loading 
with 11 wt.% silver (right). 
 
 
 TEM of DDA-15, Figure 5.9, does not reveal any ordered array to the packing 

of the pores like those seen in MCM-41. This coincides with the PXRD, which would 

have shown (110) and (200) peaks if the pores were in an ordered hexagonal array. 

Figure 5.10 shows DDA-15 after being loaded with 11 wt.% Ag. The silver looks 

relatively well dispersed, with about 10 nm across areas covered with silver equally 

spaced throughout.   
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Figure 5.9 TEM micrograph of DDA-15. 
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Figure 5.10 TEM micrograph of Ag-DDA-15. 

 
 

 
5.3.2 Model Fuel Tests 
 

The degree of silver loading was optimized using material DDA-15, as it had 

the qualities of both high surface area and high zirconia content.  It was demonstrated 

that as the silver content increases, adsorption capacity increases up to a maximum 

and then a decrease is observed (Figure 5.11).  This peak is attributed to an increase 

in silver adsorption sites with loading.  Silver aggregates likely start to form at higher 

silver concentration, which can block the pores, resulting in a lower adsorption 

capacity.  This phenomenon has been observed with other silver-loaded materials, 
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where Tatarchuk and coworkers found that as silver loading increased beyond 4 

wt.%, the surface area, pore volume, and dispersion decreased.26 As a result, they 

observed lower adsorption capacities with these materials loaded with more silver.26  

For DDA-15, the optimized silver loading was determined to be 11 wt.% and was 

subsequently used for all model and JP-8 fuel tests herein for the entire series of 

materials (with the exception of OA-15, for which 10 wt.% Ag was found to be the 

optimized loading). 

 

 
Figure 5.11 Optimization of silver loading level for DDA-15 using 1-hour fuel tests 
of 500 ppmwS DBT in n-decane. 
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Table 5.4 displays the model fuel adsorption capacities for all DDA based 

frameworks loaded with 11 wt.% Ag.  The adsorption capacity is correlated to both 

zirconia content and surface area.  DDA-SiO2 has the highest surface area, yet much 

lower adsorption capacity than the remaining zirconia containing frameworks. Of 

those containing zirconia, 15:1 is the optimum Si:Zr ratio.  The capacity increases 

with increased zirconia but decreases at 11:1, likely due to the lower surface area of 

material DDA-11.   

The increased adsorption capacity for zirconia containing materials is likely 

linked to the increased surface acidity. The same trend is seen with the HDA based 

materials: optimal adsorption capacity is observed with a Si:Zr ratio of 15:1 (Table 

5.5). Surface acidity has been linked to desulfurization adsorption capacity for 

zirconia, as well as alumina and mixed metal oxides.20, 27-30  The majority of 

organosulfur compounds in jet fuel are categorized as Lewis bases, which are known 

to bind to Lewis acidic sites.29, 30  HDA-15 has the optimum silica to zirconia ratio. 

The larger pore sizes made by using HDA as the templating agent ultimately lower 

the surface area, which accounts for the decrease in adsorption capacity.  The pores of 

both materials are of sufficient size to accommodate the organosulfur compounds 

commonly found in JP-8.  This is not the case for smaller pore frameworks such as 

zeolites that cannot accommodate dibenzothiophene and its methylated derivatives.31  
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Table 5.4 1-hour adsorption capacities of DDA based frameworks loaded with 
11 wt.% Ag using 500 ppmwS model fuel of DBT in n-decane 
 

Material 
Adsorption 

Capacity (mgS/g) 

DDA-SiO2 7.4 

DDA-44 9.2 

DDA-22 9.8 

DDA-15 12.3 

DDA-11 10.5 

 
 
 
Table 5.5 1-hour adsorption capacities of HDA based frameworks loaded with 
11 wt.% Ag  using 500 ppmwS model fuel of DBT in n-decane 
 

Materiala Adsorption 
Capacity (mgS/g) 

HDA-44 7.9 

HDA-22 8.7 

HDA-15 9.9 

HDA-11 9.3 

 

 

 To further confirm zirconia’s role in increasing adsorption capacity, DDA-15 

and DDA-SiO2 were tested unloaded with model fuel. Even though DDA-SiO2 has 

about 7% more surface area than DDA-15, DDA-15 absorbed more than twice the 
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amount of sulfur (Table 5.6). This clearly demonstrates that the silica-zirconia surface 

is more active than pure silica as well as the key role of the silver loading.  

 
Table 5.6 1-hour adsorption capacities of unloaded DDA based frameworks 
using 500 ppmwS model fuel of DBT in n-decane 
 

Material 
Adsorption 

Capacity (mgS/g) 

DDA-15 1.4 

DDA-SiO2 0.6 

 

 

 Frameworks made by all three surfactants with the optimal Si:Zr ratio were 

compared in model fuel. OA-15 was tested with just 10 wt.% silver because higher 

silver content resulted in a decrease in adsorption capacity. DDA-15 is by far the 

most optimum of the three frameworks, having both the highest capacity and the 

highest silver efficiency, shown in Table 5.7. While OA-15 absorbed less than HDA-

15, it did show a slightly higher silver efficiency than HDA-15. 
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Table 5.7 1-hour adsorption capacities using 500 ppmwS model fuel of DBT in 
n-decane 
 

Materiala 
Silver Loading 

(wt.%) 
Adsorption 

Capacity (mgS/g) 
Silver Efficiency 

(molS/molAg) 

OA-15 10 9.4 0.33 

DDA-15 11 12.3 0.38 

HDA-15 11 9.9 0.30 

 
 

It is important for a sorbent to quickly adsorb contaminants, especially for 

applications where it could be used in a column for on-demand, on-site 

desulfurization.  We therefore performed adsorption kinetics studies (Figure 5.12).  

DDA-15 reaches its equilibrium capacity in model fuel within 3 minutes, and is 70% 

saturated in only 22 seconds.  These characteristics make it ideal for column use 

where fast adsorption is essential.  Compared to other materials tested with model 

fuels under ambient conditions, this is a significant improvement.  Previous kinetic 

studies of non-silver loaded frameworks, such as zirconia based adsorbents, reach 

equilibrium after 22 hours whereas even carbon nanoparticles take 20 minutes.17, 32 

Silver loaded mesoporous aluminosilicates take approximately 5 minutes to reach 

equilibrium with dibenzothiophene adsorption.33 
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Figure 5.12 Adsorption capacity as a function of time for DDA-15 in 500 ppmwS 
model fuel of DBT in n-decane as monitored by UV-Vis shows the rapid uptake.  
Inset: magnified data for the first 3 minutes, showing that 70% of the adsorption 
capacity is reached after 22 seconds and maximum adsorption capacity by 180 
seconds. 
 

Regeneration and reusability are important properties for desulfurization 

adsorbents.  Figure 5.13 shows that there is an initial drop after the first regeneration, 

with 80% of adsorption capacity retained.  The second regeneration cycle, however, 

displays a relatively low drop, retaining 93% of its capacity between cycles 2 and 3.  

We attribute this retention to an initial loss of silver during the first regeneration, with 

silver content stabilizing for future cycles.  
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Figure 5.13 1-hour adsorption capacities for regeneration of DDA-15 in 500 
ppmwS DBT. 
 

 

5.3.3 JP-8 Testing 

Real jet fuel tests were performed using JP-8 under ambient conditions to 

assess the material’s utility for military applications.  24-hour adsorption capacity 

studies were performed for the most optimized material: silver loaded DDA-15.  

These results are presented in Table 5.8 where they are compared to another material 

prepared by our lab, Ag-MSN, which is 80 nm MCM-41 nanoparticles loaded with 20 

wt.% Ag.34  The comparison of these two materials shows that while silver loaded 

DDA-15 only has 84% the adsorption capacity of Ag-MSN towards JP-8, it does so 

with far less silver loading.  Silver is the most expensive component of both of these 
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materials.  The more efficiently the silver is used, the more cost effective the sorbent.  

Ag-MSN is optimized to 20 wt.% Ag compared to 11 wt.% for DDA-15.  

Furthermore, as shown in Table 5.8 and highlighted in Figure 5.14, DDA-15 utilizes 

the silver sites more efficiently.  Ag-MSN has a silver adsorption site efficiency of 

0.79 molS/molAg, whereas DDA-15 has an efficiency of 1.2 molS/molAg.  This 

increase is likely due to the framework itself adsorbing a high degree of sulfur 

compounds.  As shown in Table 5.8, the unloaded framework adsorbs 4.6 mgS/g. 

 
 
Table 5.8 24-hour fuel test data in JP-8 
 

Material 
Silver Content 

(wt%) 

Adsorption 
Capacity 
(mgS/g) 

Silver Efficiency 
(mol S/mol Ag) 

DDA-15 0 4.6 - 

DDA-15 11 39.4 1.21 

Ag-MSN 20 47.1 0.79 
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Figure 5.14 Comparison of DDA-15 and Ag-MSN 24-hour adsorption capacity 
(blue) in JP-8 compared with the silver efficiency (red). 
 

 

5.3.4 Mechanism Studies 

A variety of model fuels where studied to both show the ability of DDA-15 to 

adsorb DMDBT and to help elucidate the binding mechanism.35-37  The larger 

adsorption capacities for DBT and DMDBT compared to BT (Figure 5.15) are similar 

to the trend seen with other reported sorbents and those tested in our lab, and are 

explained by the higher electron density of the sulfur on DBT and DMDBT.34, 37  

DMDBT has significant steric hindrance around the sulfur atom, which would explain 

its slightly lower capacity than the non-sterically hindered DBT.  The effect of steric 
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hindrance and the decreased capacity for the lower electron density of BT all point to 

sulfur as the binding site.  DDA-15 does have an appreciable adsorption capacity for 

NA, but it is far lower than that of the sulfur containing compounds.  This is 

explained by the capacity of the material to form π-bonds.  It is therefore likely that 

both S-M and π-bonding occur with this material, which would account for its 

adsorption of carbon-only aromatic compounds.  It would also explain the observed 

larger capacities for organosulfur compounds, especially those with high electron 

densities around the sulfur atom. 

 

 

Figure 5.15 1-hour adsorption capacities for DDA-15 in single contaminant model 
fuels.  4,6-dibenzothiophene (DMDBT), dibenzothiophene (DBT) and 
benzothiophene (BT) are all 500 ppmwS and naphthalene (NA) was used at isomolar 
level. 
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FT-IR also supports an S-M binding mechanism for DBT. A shift of unbound 

DBT from 734 cm1 to 744 cm1 for DBT bound to DDA-15 was observed after a 1-

hour fuel test.  This shift corresponds to a perpendicular orientation of DBT to the 

surface of DDA-15.38  The combination of the model fuel studies and FT-IR show 

that material DDA-15 is capable of both S-M and π-bonding.  In addition to helping 

reveal the binding mode, Figure 5.16 also demonstrates that diethyl ether is effective 

at regeneration, as no stretches from DBT are present after the framework has been 

rinsed with diethyl ether. 
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Figure 5.16 FT-IR of dibenzothiophene (black), Ag-DDA-15 prior to fuel exposure 
(red), after 1 hr in 500 ppmwS model fuel of dibenzothiophene in decane (blue), and 
after solvent regeneration using diethyl ether (green).  The stretch from unbound 
dibenzothiophene is marked with a dotted line at 734 cm-1 and bound 
dibenzothiophene at 744 cm-1. 
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5.4 Conclusions 

High surface area silica-zirconia frameworks are very promising materials for 

the desulfurization of JP-8.  Their high capacity coupled with a record in silver 

efficiency makes them a more affordable option compared to Ag-MSN.  Optimization 

of pore size and zirconia content revealed DDA-15 to be the ideal framework.  After 

loading with 11 wt.% Ag, the material displays a 24-hour saturation adsorption 

capacity of 39.4 mgS/g and a silver efficiency of 1.21 molS/molAg in real JP-8 under 

ambient conditions.  The material displays the ability to be solvent regenerated at 

room temperature, which is highly advantageous to thermal regeneration processes 

and in avoiding silver oxidation, which would lower the overall adsorption capacity.  

Further testing reveals the capability of the material for both S-M binding and 

π-complexation.  This material is a significant advancement to the realization of 

onsite desulfurization of JP-8 with cost-effective adsorbents.  
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1Chapter 6 
 

Conclusions and Future Work 
 
 
 

6.1 Conclusions 
 

The work described in this thesis represents a significant advance in the field 

of adsorptive desulfurization and the synthesis of mesoporous materials. These novel 

sorbents display a record performance for desulfurization of JP-8 and a regenerability 

higher than those of other reported materials.  

We report the first synthesis of hierarchical mesoporous monoliths containing 

Zeolite Y and Al-SBA-15. While neither of these monoliths showed record 

performance, the creation of these monoliths was novel and an advance in and of 

itself. Overall, this work revealed that hierarchical monoliths do not pose an 

advantage over the bulk mesoporous material, resulting in the focus of this research to 

center on bulk powders. 

Al-SBA-15, SBA-15, and ligand functionalized SBA-15 were all successfully 

synthesized. Extensive testing of different metals loading into with these frameworks 

revealed the following trend in adsorption capacity: 

Ag+ > Ce3+ > Ni2+ 

Silver consistently showed much better capacities than cerium and nickel, resulting in 

all further tests focusing on silver loading. These metal ions were loaded into the 
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frameworks under different procedures. A comparison of loading procedure of (Al)-

SBA-15 was as follows: 

Wet impregnation > Aminopropyl functionalization > Exchange 

Silver exchanged Al-SBA-15 only removed 0.74 mgS/g after 30 minutes in model 

fuel, but performing the silver exchange at 70oC increased this to 3.99 mgS/g. 

However, after the 70oC exchange, if the material was treated at 550oC for 8 hours in 

air (likely converting silver ions to silver oxide), the capacity decreased to 3.72 

mgS/g.  By decorating the surface of SBA-15 with aminopropyl groups, the 30-

minute adsorption capacity was further increased to 4.70 mgS/g, following a 70oC 

exchange with silver. However, wet impregnating Al-SBA-15 with 18 wt.% Ag 

nearly doubled the model fuel results of the ligand functionalized SBA-15.   

These results allowed us to focus our further research on silver loaded 

materials and to exclusively use wet impregnation as our loading procedure. Overall, 

18 wt.% Ag-Al-SBA-15 and Ag-SBA-15 were found to be highly promising as a 

desulfurization sorbent for JP-8, with 24-hour adsorption capacities of 31.47 mgS/g 

and 36.31 mgS/g, respectively. Ag-Al-SBA-15 is capable of reaching 20 ppmwS 

levels and with a high silver efficiency of 0.57 molS/molAg. This material 

outperformed existing published sorbents in terms of overall adsorption capacity. 

However, it was not capable of achieving a sub 1 ppmwS level. While SBA-15 and 

Al-SBA-15 are promising materials for the desulfurization of jet fuel, their pore size 

is larger than that required to accommodate the contaminants of JP-8. As such, 

MCM-41 with its smaller pore size and higher surface area was investigated. 
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  Three forms of MCM-41 were explored: pure silica MCM-41, 

aluminated MCM-41 (Al-MCM-41), and MCM-41 nanoparticles (MSN).  Al-

MCM-41 and MSN were synthesized by our lab, while commercial MCM-41 

was used. Ag-MSN was found to be the most effective form of MCM-41 for 

the desulfurization of JP-8. Ag-MSN displays a 24-hour adsorption capacity of 

32.6 mgS/g, which is a 3-fold increase over previously published materials. 

Ag-MCM-41 displays a 24-hour capacity of 25.4 mgS/g, a 2-fold increase over 

previously published materials.  Ag-MSN also has a record breakthrough 

capacity at 10 ppmwS of 0.98 mgS/g for JP-8, while Ag-Al-MCM-41 and Ag-

MCM-41 display 0.39 mgS/g and 0.21 mgS/g, respectively. However, Ag-Al-

MCM-41 was found to be highly inconsistent between batches, displaying low 

reproducibility of regeneration experiments compared to MCM-41. The model 

fuel regenerability of Ag-MSN is ~ 70%, which is much higher than other 

reports of Ag-MCM-41.  Mechanism studies using FT-IR and model fuel tests 

support an S-M binding as the mode of adsorption, while π-complexation likely 

also occurs.   

In an effort to explore more novel frameworks and those with a more active 

surface chemistry, a series of mesoporous silica-zirconia frameworks were 

synthesized. Three different chain lengths of primary alkylamines were explored as 

templating agents to vary the pore size. The Si:Zr ratio was also explored, looking at 

ratios ranging from ∞ to 11:1. This optimization of pore size and zirconia content 

revealed DDA-15, synthesized with a gel Si:Zr molar ratio of 15:1 and using 
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dodecylamine as the templating agent, to be the ideal framework. The high capacity 

of DDA-15 coupled with a record in silver efficiency makes it a more affordable 

option compared to Ag-MSN.    After loading with 11 wt.% Ag, the material displays 

a 24-hour saturation adsorption capacity of 39.4 mgS/g and a silver efficiency of 1.21 

molS/molAg in real JP-8 under ambient conditions. Ag-MSN tested with the same 

batch of JP-8 removed 47.1 mgS/g, but it uses nearly twice the amount of sulfur. 

DDA-15 displays the ability to be solvent regenerated at room temperature using 

model fuel studies.  Furthermore, FT-IR testing reveals the capability of the material 

for both S-M binding and π-complexation.  This material is a significant advance to 

the realization of onsite desulfurization of JP-8 with low-cost effective adsorbents.  

 
6.2 Future Work 
 
  While the adsorption capacity of both the MCM-41 derivatives and the 

silica-zirconia materials is impressive, the regenerability of these materials 

needs improvement. Ideally, no loss in capacity should be observed over 

numerous cycles. With these current materials, the interactions between the 

framework and the silver are too weak to prevent silver loss. An ideal way to 

prevent this would be to better anchor the silver sites to the framework. 

  Anchoring was briefly investigated in Chapter 3, where SBA-15 was 

decorated with aminopropyl groups prior to metal loading. Further testing with 

various ligands should be explored. In addition to amino terminated ligands, 

thiol terminated ligands may be even more advantageous in holding the silver 
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in place. Post-synthetic addition of ligands could easily be performed on the 

high surface area materials reported in this thesis, including MSN and DDA-

SiO2. 

  Aside from ligand functionalization, the MSN framework could be 

further modified. As reported, it is currently a pure silica framework. An 

aluminosilicate version and other mixed metal oxide versions could be 

explored. Additionally, before ligand functionalization of MSN, it may be 

beneficial to synthesize with a slightly larger templating agent, as decorating 

with ligands will lower the overall pore diameter. 

  Materials that utilize metal oxides instead of metal ions have also shown 

favorable regeneration. While these materials do show lower overall adsorption 

capacities, it may be worth exploring silver oxide and other d- and f-block 

metal oxides as coatings for the high surface area materials presented in this 

thesis.  
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Appendix 
 
Solvothermal Synthesis 
 
Table A1: Sovothermal synthesis conditions and ratios  
 

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ3 PbF2 1.00 245.2 0.57 100 72 

  10-Camphorsulfonic acid 2.00 232.3 1.1     

  Perchloric acid 2.50 100.46 0.86     

6/25/2010 H2O 200.00 18.016 8.58     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ5 PbF2 1.00 245.2 0.5769 125 72 

  10-Camphorsulfonic acid 2.00 232.3 1.0931     

  Perchloric acid 2.50 100.46 0.8441     

6/25/2010 H2O 200.00 18.016 8.478     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ7 PbF2 1.00 245.2 0.58 150 72 

  10-Camphorsulfonic acid 2.00 232.3 1.1     

  Perchloric acid 2.50 100.46 0.9     

6/25/2010 H2O 200.00 18.016 8.55     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ9 PbF2 1.00 245.2 0.78 175 72 

  10-Camphorsulfonic acid 2.00 232.3 1.44     

  Perchloric acid 2.50 100.46 0.95     

6/25/2010 H2O 200.00 18.016 8.4     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ11 PbF2 1.00 245.2 0.51 100 72 

  10-Camphorsulfonic acid 4.00 232.3 2.08     

  Perchloric acid 2.50 100.46 0.86     

6/29/2010 H2O 200.00 18.016 7.76     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ13 PbF2 1.00 245.2 0.6 100 72 

  10-Camphorsulfonic acid 2.00 232.3 1.24     

  Perchloric acid 2.50 100.46 0.86     

6/29/2010 H2O 200.00 18.016 8.3     
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sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ15 PbF2 1.00 245.2 0.66 150 48 

  10-Camphorsulfonic acid 2.00 232.3 1.3     

6/29/2010 H2O 200.00 18.016 8.94     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ17 PbF2 1.00 245.2 0.63 100 48 

  10-Camphorsulfonic acid 2.00 232.3 1.16     

7/6/2010 H2O 200.00 18.016 9.07     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ19 PbF2 1.00 245.2 0.61 125 72 

  10-Camphorsulfonic acid 2.00 232.3 1.17     

7/6/2010 H2O 200.00 18.016 9.03     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ21 PbF2 1.00 245.2 0.3 100 72 

  10-Camphorsulfonic acid 4.00 232.3 1.14     

7/6/2010 H2O 400.00 18.016 8.96     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ23 PbF2 1.00 245.2 0.31 125 72 

  10-Camphorsulfonic acid 4.00 232.3 1.16     

7/6/2010 H2O 400.00 18.016 9.19     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ25 AgNO3 1.00 169.87 0.24 100 96 

  10-Camphorsulfonic acid 2.00 232.3 0.58     

  4-4'-bipy 1.00 156.19 0.27     

7/9/2010 H2O 400.00 18.016 9.33     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ27 AgNO3 1.00 169.87 0.22 125 168 

  10-Camphorsulfonic acid 2.00 232.3 0.56     

  4-4'-bipy 1.00 156.19 0.26     

7/6/2010 H2O 400.00 18.016 8.97     
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sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ29 PbF2 1.00 245.2 0.63 100 120 

  10-Camphorsulfonic acid 2.00 232.3 1.17     

7/6/2010 H2O 200.00 18.016 8.9     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ31 PbF2 1.00 245.2 0.37 100 96 

  10-Camphorsulfonic acid 2.00 232.3 0.59     

7/13/2010 H2O 400.00 18.016 9.22     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ33 PbF2 1.00 245.2 0.15 100 72 

  10-Camphorsulfonic acid 2.00 232.3 0.29     

7/13/2010 H2O 800.00 18.016 9.2     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ35 AgNO3 1.00 169.87 0.26 100 72 

  10-Camphorsulfonic acid 2.00 232.3 0.56     

  4-4'-bipy 0.50 156.19 0.14     

7/16/2010 H2O 400.00 18.016 9.32     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ37 AgNO3 1.00 169.87 0.21 100 72 

  10-Camphorsulfonic acid 2.50 232.3 0.77     

  4-4'-bipy 0.50 156.19 0.014     

7/16/2010 H2O 400.00 18.016 9.7     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ39 PbF2 1.00 245.2 0.18 100 72 

  10-Camphorsulfonic acid 4.00 232.3 0.58     

7/6/2010 H2O 800.00 18.016 9.28     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ41 PbF2 1.00 245.2 0.51 100 96 

  10-Camphorsulfonic acid 2.00 232.3 0.93     

7/6/2010 H2O 250.00 18.016 9     
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sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ43 PbF2 1.00 245.2 0.41 100 96 

  10-Camphorsulfonic acid 2.00 232.3 0.76     

7/6/2010 H2O 300.00 18.016 8.97     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ45 PbF2 1.00 245.2 0.35 100 96 

  10-Camphorsulfonic acid 3.00 232.3 0.98     

7/6/2010 H2O 400.00 18.016 9.37     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ47 AgNO3 1.50 169.87 0.36 100 72 

  10-Camphorsulfonic acid 3.00 232.3 1.04     

  4-4'-bipy 1.00 156.19 0.25     

7/16/2010 H2O 400.00 18.016 9.87     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ49 PbF2 1.00 245.2 0.4 100 72 

  10-Camphorsulfonic acid 2.50 232.3 1.01     

7/6/2010 H2O 300.00 18.016 9.11     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ51 PbF2 1.00 245.2 0.24 100 96 

  10-Camphorsulfonic acid 3.00 232.3 0.71     

7/6/2010 H2O 500.00 18.016 9.05     

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ 129 CuBF4 1.52 345.25 0.3618 115 96 

  4-4'-bipy 1.34 156.19 0.2094     

8/12/2011 H2O 800.00 18.016 9.96     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ 129i CuBF4 2.00 345.25 0.472 115 96 

  4-4'-bipy 1.34 156.19 0.2025     

8/12/2011 H2O 800.00 18.016 9.998     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ 129ii CuBF4 1.52 345.25 0.5 100 72 

  4-4'-bipy 1.34 156.19 0.25     

8/12/2011 H2O 800.00 18.016 10.5     
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sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ 
129iii CuBF4 1.00 345.25 0.4 100 72 

  AgNO3 1.00 169.87 0.25     

  4-4'-bipy 1.00 156.19 0.3     

8/12/2011 H2O 400.00 18.016 10     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ139 CuNO3 1.00 187.56 0.2412 RT 
slow 
evap 

  HMT 1.00 140.186 0.188     

  EDSA 1.00 190.2 0.3637     

9/22/2011 H2O 400.00 18.016 25     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

JSJ139i CuNO3 1.00 187.56 0.243 RT 
slow 
evap 

  HMT 1.00 140.186 0.1751     

  EDSA salt 1.00 246 0.3309     

9/22/2011 H2O 400.00 18.016 25     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP3 Copper Acetate 1.00 199.65 0.3743 150 96 

6/28/2011 Hexamethylenetetramine 2.00 140.186 0.6892     

  Sodium Nitrate 2.00 84.9947 0.6892     

  H2O 400.00 18.016 8.88814     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP3i Copper Acetate 1.00 199.65 0.3743 175 96 

6/28/2011 Hexamethylenetetramine 2.00 140.186 0.6892     

  Sodium Nitrate 1.00 84.9947       

  H2O 400.00 18.016 8.88814     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP5 YbCl6 1.00 387.49 0.1951 150 72 

6/29/2011 Hexamethylenetetramine 5.00 140.186 0.3492     

  H2O 1000.00 18.016 9.0628     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP5i YbCl6 1.00 387.49 0.1947 150 144 

6/29/2011 Hexamethylenetetramine 5.00 140.186 0.3508     

  H2O 1000.00 18.016 9.0188     
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sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP7 YbCl6 1.00 387.49 0.3876 150 144 

6/29/2011 Hexamethylenetetramine 3.00 140.186 0.4191     

  H2O 500.00 18.016 9.0764     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP9 Copper Acetate 1.00 199.65 0.2793 RT 
slow 
evap 

6/29/2011 Hexamethylenetetramine 2.00 140.186 0.3882     

  Sodium Nitrate 2.00 84.9947 0.2354     

  H2O 400.00 18.016 10.0375     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP9i Copper Acetate 1.00 199.65 0.2784 RT 
slow 
evap 

6/29/2011 Hexamethylenetetramine 2.00 140.186 0.4016     

  EDSA Salt 2.00 234.16 0.6554     

  H2O 400.00 18.016 9.848     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP11 YbCl6 1.00 387.49 0.3901 RT 
slow 
evap 

6/30/2011 Hexamethylenetetramine 5.00 140.186 0.7012     

  H2O 500.00 18.016 8.9921     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP15 YbCl6 1.00 387.49 0.1142 150 120 

6/30/2011 Hexamethylenetetramine 2.00 140.186 0.1563     

  EDSA Salt 2.00 234.16 0.2593     

  H2O 1000.00 18.016 10.0527     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP15i YbCl6 1.00 387.49 0.1165 RT 
slow 
evap 

6/30/2011 Hexamethylenetetramine 2.00 140.186 0.2591     

  EDSA Salt 2.00 234.16 0.2657     

  H2O 1000.00 18.016 9.9962     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP21 Copper Acetate 1.00 199.65 0.2748 125 120 

7/6/2011 Hexamethylenetetramine 2.00 140.186 0.392     

  Sodium Nitrate 2.00 84.9947 0.2393     

  H2O 400.00 18.016 9.9906     
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sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP21i Copper Acetate 1.00 199.65 0.2758 125 120 

7/6/2011 Hexamethylenetetramine 2.00 140.186 0.3891     

  EDSA Salt 2.00 234.16 0.6487     

  H2O 400.00 18.016 10.023     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP23 YbCl6 1.00 387.49 0.1268 150 96 

7/7/2011 Hexamethylenetetramine 5.00 140.186 0.2331     

  H2O 1500.00 18.016 9.0289     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP23i YbCl6 1.00 387.49 0.1301 150 96 

7/7/2011 Hexamethylenetetramine 4.00 140.186 0.1847     

  H2O 1500.00 18.016 8.9883     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP25 YbCl6 1.00 387.49 0.0559 150 96 

7/7/2011 Hexamethylenetetramine 2.00 140.186 0.0786     

  EDSA Salt 2.00 234.16 0.1309     

  H2O 2000.00 18.016 10.0122     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP27 Silver Nitrate 0.00029 169.87 0.0579 RT 
slow 
evap 

7/13/2011 Hexamethylenetetramine 0.00029 140.186 0.0415     

  Dichloromethane (Ch2Cl2) 0.04698 84.93 3.99     

  Ethanol 0.08563 46.07 3.99     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP29 ErNO3 1.00 353.27 0.25 125 96 

7/14/2011 Urea 17.00 60.06 0.5716     

  H2O 800.00 18.016 8.013     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP29i ErNO3 1.00 353.27 0.5748 125 96 

7/14/2011 Urea 17.00 60.06 0.2574     

  H2O 800.00 18.016 8.046     
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sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP31 ErNO3 1.00 353.27 0.2522 150 96 

7/14/2011 Urea 17.00 60.06 0.5798     

  H2O 800.00 18.016 8.0276     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP31i ErNO3 1.00 353.27 0.2498 150 96 

7/14/2011 Urea 17.00 60.06 0.5698     

  H2O 800.00 18.016 8.0694     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP33 Copper Acetate 0.00029 199.65 0.061 RT 
slow 
evap 

7/15/2011 Hexamethylenetetramine 0.00029 140.186 0.0571     

  Ethanol 0.08563 46.07 3.9603     

  Dichloromethane (Ch2Cl2) 0.04698 84.93 4.0277     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP33i Copper Acetate 0.00029 199.65 0.0577 RT 
slow 
evap 

7/15/2011 Hexamethylenetetramine 0.00029 140.186 0.0430     

  Sodium Sulfite 0.00029 126.043 0.0404     

  Ethanol 0.08563 46.07 3.9428     

  Dichloromethane (Ch2Cl2) 0.04698 84.93 4.0420     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP35 Copper Nitrate 0.00029 232.59 0.0708 RT 
slow 
evap 

7/15/2011 Hexamethylenetetramine 0.00029 140.186 0.0410     

  Ethanol 0.08563 46.07 3.9615     

  Dichloromethane (Ch2Cl2) 0.04698 84.93 4.0239     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) 
T 

©C time(hrs) 

TP37 ErCl3 2.50 273.64 0.1422 175 168 

7/20/2011 EDSA 1.00 190.20 0.418     

  TEA 1.55 101.19       

  H2O 2570.00 18.016 10.0547     
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sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP37i ErCl3 2.50 273.64 0.1418 175 168 

7/20/2011 EDSA 1.00 190.2 0.0465     

  TEA 1.55 101.19       

  H2O 2570.00 18.016 10.0752     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP39 ErCl3 2.50 273.64 0.1444 200 144 

7/20/2011 EDSA 1.00 190.2 0.041     

  TEA 1.55 101.19       

  H2O 2570.00 18.016 10.0525     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP41 Gadolinium(III) Nitrate  2.50 451.36 0.2448 175 168 

7/22/2011 EDSA 1.00 190.2 0.0458     

  TEA 1.55 101.19       

  H2O 2570.00 18.016 10.1944     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP43 Lanthanum(III) Nitrate 2.50 433.01 0.2479 175 168 

7/22/2011 EDSA 1.00 190.2 0.0421     

  TEA 1.55 101.19       

  H2O 2570.00 18.016 9.9990     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP45 Neodymium(III) Nitrate 2.50 438.35 0.2479 175 168 

7/22/2011 EDSA 1.00 190.2 0.0430     

  TEA 1.55 101.19       

  H2O 2570.00 18.016 10.0042     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP47 Gadolinium Flouride 2.50 214.25 0.1169 175 168 

7/22/2011 EDSA 1.00 190.2 0.0419     

  TEA 1.55 101.19       

  H2O 2570.00 18.016 9.9976     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP49 Copper tetrafluoroborate 0.00029 345.25 0.1000 RT 
slow 
evap 

7/25/2011 Hexamethylenetetramine 0.00029 140.186 0.0406     

  Ethanol 0.08563 46.07 3.9500     

  Dichloromethane (Ch2Cl2) 0.04698 84.93 3.9900     
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sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP51 Copper tetrafluoroborate 1.35 345.25 0.48 175 96 

7/27/2011 4,4'-bipyridine 1.34 156.19 0.2154     

  H2O 550.00 18.016 10.22     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP53 Copper Acetate 1.35 199.65 0.271 100 72 

7/29/2011 Hexamethylenetetramine 1.34 140.186 0.1892     

  EDSA Hydrate 1.52 208.21 0.3356     

  H2O 550.00 18.016 10.0432     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP53i Copper Acetate 1.35 199.65 0.271 RT 
slow 
evap 

7/29/2011 Hexamethylenetetramine 1.34 140.186 0.1898     

  EDSA Hydrate 1.52 208.21 0.3233     

  H2O 550.00 18.016 9.999     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP55 Copper Acetate 1.35 199.65 0.2715 100 72 

7/29/2011 Hexamethylenetetramine 0.67 140.186 0.0946     

  EDSA Hydrate 1.52 208.21 0.3253     

  H2O 550.00 18.016 9.9952     

              

sample  compound ratio(n) F.W.(g/mol) 
wt. 

Used(g) T ©C time(hrs) 

TP55i Copper Acetate 1.35 199.65 0.2708 RT 
slow 
evap 

7/29/2011 Hexamethylenetetramine 0.67 140.186 0.0952     

  EDSA Hydrate 1.52 208.21 0.3206     

  H2O 550.00 18.016 10.0768     
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Figure A1. JSJ129 PXRD showed a new pattern but too small of crystals for 
structure solution. 
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Figure A2. JSJ129 optical micrograph showing pale yellow/colorless crystals and 
dark blue/green crystal. 
 
 

 
 
Figure A3. JSJ129 optical micrograph, second view to show light blue crystals. 



201 

 

 
Figure A4. TP53i PXRD showed a new pattern but too small of crystals for structure 
solution. 
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Figure A5. TP53i optical micrograph. 




