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ABSTRACT 

 The release of organophosphorus compounds (OPs) and subsequent 

exposure to these compounds is of concern to humans and the environment.  The 

goal of this work was to control the concentrations of gaseous OPs through 

interaction with sorbent oxides.  Experimental and computational methods were 

employed to assess the interactions of dimethyl phosphite (DMHP), dimethyl 

methylphosphonate (DMMP), dimethyl ethylphosphonate (DMEP), diethyl 

ethylphosphonate (DEEP), and triethyl phosphate (TEP) with amorphous silica (a-

silica), γ-alumina, and monoclinic zirconia (m-zirconia) for applications in air 

pollution control.  Interactions of the selected OPs with a-silica were chosen as a 

baseline to determine the applicability of the computational predictions.  Based on 

the a-silica results, computational methods were deemed valid for predicting the 

trends among materials with comparable interactions (e.g. –OH functionality of a-

silica interacting with the phosphonyl O atoms of the OPs).  Computational 

evaluations of the interactions with the OPs were extended to the oxide material, 

m-zirconia, and compared with the results for γ-alumina.  It was hypothesized that 

m-zirconia had the potential to provide for the effective sorption of OPs in a 

manner superior to that of the a-silica and the γ-alumina surfaces due to the 

surface charges of the zirconium Lewis acid sites when coordinated in the 

oxidized form.  Based on the computational study, the predicted heats of 

adsorption for the selected OPs onto m-zirconia were more favorable than those 

that were predicted for γ-alumina and a-silica.  Experimental studies were carried 

out to confirm these computational results.  M-zirconia nanoparticles were 
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synthesized to determine if the materials could be utilized for the adsorption of 

the selected OPs.  M-zirconia was shown to adsorb the OPs, and the heats of 

adsorption were stronger than those determined for commercial samples of a-

silica.  However, water interfered with the adsorption of the OPs onto m-zirconia, 

thus leading to heats of adsorption that were much weaker than those predicted 

computationally.  Nevertheless, this work provides a first investigation of m-

zirconia as a viable sorbent material for the ambient control of the selected 

gaseous OPs.  Additionally, this work represents the first comparative study 

between computational predictions and experimental determination of 

thermodynamic properties for the interactions of the selected OPs and oxide 

surfaces.  
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CHAPTER 1 

INTRODUCTION 

1.1 Problem Statement and Significance 

Organophosphorus (OP) compounds are widely used as pesticides in agricultural 

environments
9,10

; an estimated 70 million pounds of OP pesticides are released 

annually
11

.  Parkinson’s disease and health risks in children have been linked to 

exposure to OP compounds in agricultural communities
12,13

.  Overexposure can 

lead to the inhibition of acetylcholinesterase and result in the accumulation of the 

neurotrasmitting agent acetylcholine
14

. The effects of acetylcholine accumulation 

include neurological, neuropsychological, and neurophysiological dysfunctions
15

.  

As a result, OP compounds have also been employed as nerve agents in chemical 

warfare.  Regardless of the intended uses, the release of OP compounds are of 

great concern, especially when one considers their toxicities in combination with 

their other characteristics (e.g. volatility, persistence, reactivity) 
16

. 

OP compounds are semivolatile
17

.  Upon release, they can persist in the lower 

atmosphere for significant time periods. As an example, the OP compound 

dimethyl methylphosphate has a reported gas-phase rate constant of 1.11 × 10
-11

 

cm
3
 molecule

-1
 s

-1
 at 298 K with respect to atmospheric reactions with hydroxyl 

radicals
18

.  This corresponds to a tropospheric lifetime of 1.04 days, given a 

hydroxyl radical concentration of 10
6
 molecules cm

-3
 
19

.  Although other OP 

compounds have different lifetimes, it is the atmospheric persistence of the 

smaller OPs, together with their volatility that permits these compounds to be 

dispersed by natural transport mechanism (e.g. wind) from the site of release
20

.  
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Additionally, it is important to note that the released OPs are subject to reaction in 

the atmosphere.  The primary decomposition reactions of gaseous OPs can lead to 

the formation of hazardous secondary species.  For example, the reaction of 

dichlorvos, a widely used and highly toxic insecticide, leads to the formation of 

phosgene, a stable and highly toxic secondary species
9
; the reaction of dimethyl 

methylphosphate leads to the formation of pollutants such as carbon monoxide, in 

addition to other stable and undesirable phosphorous-containing and non-

phosphorous-containing products (e.g. CH3OP(O)(CH3)OH and formaldehyde, 

respectively)
21

.  

The control of gas-phase OPs is particularly challenging given the low 

concentrations that are needed to produce adverse effects and are present in the 

ambient (i.e. pg/m
3
 to ng/m

3
 of air).  For comparison, concentrations that are 

typically found in the aqueous phase (e.g. rain, fog, wastewater) are in the ng/L to 

μg/L range, i.e. three to six orders of magnitude higher than the highest gas-phase 

concentration
20

.  The ability to control the presence of gaseous OP compounds at 

the point of release as opposed to after the point at which they have dispersed and 

reduced to even lower concentrations can greatly reduce the adverse impacts on 

humans and on air quality. 

The goal of this work is to control the concentrations of gaseous OPs through 

interaction with sorbent materials.  The effectiveness of the sorbent materials are 

investigated through closely coupled computational and experimental techniques.  

The computational results provide a basis for predicting the chemical interactions 
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of different OP/sorbent pairs and ultimately for selecting the base sorbent material 

for synthesis and eventual use in controlling ambient OP concentrations. 

1.2 Background 

The interactions of OPs with organic and inorganic materials have been 

investigated in previous studies
22-107

.  In particular, these studies are primarily 

focused on dimethyl methylphosphonate (DMMP) as the representative molecule 

for OP compounds.  However, a majority of these studies are limited to 

qualitative evaluations to answer questions such as whether interactions occurred, 

at what sites, and whether decomposition occurred.  Some studies were able to 

categorize the interaction mechanisms into either weakly reversible physisorption 

or strongly irreversible chemisorption
23,24,25

. However, published papers utilize 

different measures to classify the strength of interaction.  For example, “strong” 

interactions may be indicated by a higher amount of adsorption, evidence for a 

reaction, or through the magnitude of an IR shift.  These conclusions were strictly 

qualitative since they did not differentiate between the varying energies of 

physisorption and chemisorption (which span more than an order of magnitude).  

Hence, determining the energies of interaction would allow for a quantitative 

comparison of materials using the same basis.  The available literature on both 

organic and inorganic materials are reviewed in the following sections. 
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1.2.1 Inorganic Materials 

Inorganic materials that have been evaluated for the interactions with OPs include 

carbonaceous materials, metals, metalloids, and oxides. These materials are 

modified (i.e. doped and functionalized) in some cases. 

1.2.1.1 Carbon 

Carbonaceous materials in the form of single wall carbon nanotubes, modified 

single wall carbon nanotubes, activated carbon, and impregnated activated carbon 

have been investigated
22-23

.  Studies on the interaction of dimethyl 

methylphosphonate (DMMP) with single wall carbon nanotubes concluded that a 

reversible interaction occurred between the P=O group of the OP molecule and 

the surface of the carbon nanotubes. The interaction was attributed to the partial 

negative charge on the phosphonyl O atom
22,26,27

.  The reversible interaction 

suggested weak binding (e.g. physisorption) between the OP and the sorbent 

material.  The performance of modified single wall carbon nanotubes for 

interaction with DMMP was also investigated.  Single wall carbon nanotubes 

modified with the fluorinated substituent, hexafluroisopropanol (HFIP), was 

reported to form hydrogen bonds with the surface bound HFIP
28,29

.  Hydrogen 

bonding is also characterized as a weaker physisorption process (as compared to 

chemisorption)
30,31

.  Activated carbon materials, either unmodified or modified 

with chromium, copper, silver, and triethylenediamine,  were shown to exhibit an 

affinity for DMMP
23,32,33

.  In the study of the interaction between DMMP and 

activated carbon impregnated with Cu(II) 1,1,1,5,5,5-hexafluoroacetylacetonate, 
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the DMMP  strongly interacted with  (i.e. was chemisorbed to) the surface. These 

conclusions were indicated by the higher uptake of DMMP onto the Cu 

impregnated carbon as compared to the unmodified activated carbon of a higher 

surface area, as well as by the formation of reaction products
23

. 

1.2.1.2 Metals and metalloids 

Pure metalloids or modified metals with surface functionality have also been 

utilized in a few studies
34,35

.  Porous silicon was investigated for its ability to 

interact with OPs such as DMMP, diethyl ethylphosphonate (DEEP), and triethyl 

phosphonate (TEP)
34

.  Capillary condensation of these OPs occurred in the pores 

of the material, yet the strength of interaction was not reported
34

.  Hydrogen 

bonding was reported for the interaction of DMMP with gold surfaces that were 

modified with -OH and -COOH tail groups
36,37,35

.  Stronger hydrogen bonding 

occurred between the OPs studied and the gold modified with the –COOH tail 

group, and weaker hydrogen bonding was observed with the –OH tail group.  The 

comparison of “stronger” versus “weaker” was made based on the differences 

noted in the IR shifts of the P=O feature.  The OP surface interactions with the 

gold modified with the –CH3 tail groups were relatively lower than with the other 

modified gold surfaces
36,37,35

. 

1.2.1.3 Oxides 

The utility of oxides have been investigated extensively; oxides have been utilized 

by themselves, as mixed oxides, doped with metal, as zeolites, and hybridized 

with organics.   
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Pure oxides that have been reported to interact with OPs include Al2O3, TiO2, 

SiO2, WO3, Y2O3, CeO2, FeO, CuO, In2O3, SnO2, and MgO.  Both physisorption 

and chemisorption of DMMP onto Al2O3 have been reported at room 

temperature
38,39,40,41,24

. Chemisorption was confirmed by the formation of an Al-

O-P bond
39

.  According to Mitchell et al., physisorption occurred with surface –

OH groups and chemisorption occurred with Al Lewis acid sites
41,24

.  

Physisorption and chemisorption were also observed for the interaction between 

TiO2 and OPs including DMMP, TMP, and sarin at room 

temperature
42,43,44,45,46,47,48,49,50,51

.  The extent of chemisorption was dependent 

upon the number of active sites which were dehydrated on the TiO2 surface
44,46

.  

Samples which were heated to higher temperatures led to more dehydrated 

surfaces with a higher occurrence of unassociated –OH sites.  The OP compounds 

chemisorb on these unassociated –OH sites
44,46

.  Physisorption of OP compounds 

onto SiO2 has been reported, except for in one case where the surface of SiO2 was 

heavily hydrated
52,53,54,55

.  The physisorption of DMMP onto SiO2 occurred via 

the two methoxy O atoms on DMMP, and  the interaction was concluded to be 

fast and reversible when the material was heated above 150°C
52,53,55

.  In the case 

of WO3, the extent of physisorption as opposed to chemisorption when exposed to 

DMMP and TMP was dependent upon the temperature at which the gas and the 

surface interacted
56,57,58,59,60,61,62,63

.  At 10°C, reversible interaction of DMMP 

with WO3 was reported; increased temperatures (e.g. up to 400°C) led to 

chemisorption coupled with decomposition
56,57,58,63

.  The OP/WO3 interaction 

involved adsorption via the P=O functionality with a surface water layer, W 
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Lewis acid sites, or –OH Bronsted acid sites
59,60,61,62

.  In the case of Y2O3, CeO2 

and FeO, only the chemisorption of DMMP was observed, and these interactions 

at room temperature led to decomposition
63,64,65,66,67,68

.  For these oxides, 

chemisorption of the OP was also expected to occur at temperatures higher than 

room temperature
63

.  For some oxides, interactions with OPs have only been 

investigated at elevated temperatures.  CuO and In2O3 were investigated at 400°C. 

Poor recovery of the material was reported after exposure to OPs, thus suggesting 

that chemisorption occurred at the elevated temperature
63

.  Similarly, SnO2 

demonstrated chemisorption of DMMP at temperatures of 400°C and 

500°C
63,69,70

.   In the case of MgO, chemisorption coupled with decomposition of 

DMMP, TEP, and trimethyl phosphonate (TMP) occurred at 150°C
71

.   

Selected oxides have been mixed and investigated for their ability to interact with 

OPs.  CeO2 and FeO were mixed, and their ability to attract OP compounds was 

compared with the performance of the pure oxide materials
66,67

.  OP compounds 

were able to chemisorb onto the pure oxide materials, and decomposition of the 

OPs was detected.  When the oxides were mixed at room temperature, the 

decomposition of DMMP was enhanced.  Additional studies on other mixed 

oxides were restricted to elevated temperatures.  SnO2 and ZnO were mixed with 

oxides such as MoO3, Sb2O3, NiO, Co3O4, Nb2O5, CaO, In2O3 and MgO.  DMMP 

was observed to interact with all of the mixed oxides  at 350 or 400°C
72,73,74,75

.  

As indicated previously, the chemisorption of DMMP onto pure SnO2 at elevated 

temperatures was observed.  The physisorption of DMMP at elevated 

temperatures was observed when SnO2 was mixed with MoO3 or Sb2O3
72,73

.  
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Alternately, mixed SnO2 / CaO and SnO2 / MgO enhanced the decomposition of 

DMMP 
75

.  Chemisorption coupled with decomposition of DMMP was also 

concluded for mixed ZnO/CaO and ZnO/MgO
75

. 

Materials such as copper clusters, gold nanoparticles, mixed gold and platinum, 

and platinum have been supported on the surface of TiO2 and tested for their 

ability to attract OPs to the surface
76,77,78

.  As indicated previously, several OP 

compounds were found to physisorb and chemisorb to the pure TiO2, and the 

extent of chemisorption was dependent upon the degree of dehydration of the 

surface.  Chemisorption coupled with decomposition was the only interaction 

reported for DMMP onto TiO2 doped with metals
76,77,78

.  In the case where TiO2 

was doped with gold, mixed gold and platinum, and platinum, chemisorption of 

the OP was reported for temperatures as low as 100K
78

. 

The interactions of DMMP with the zeolites, NaY and ZSM-5, have also been 

investigated 
79,80,81

.  Similar to other oxides, both NaY and ZSM-5 were used in 

their pure zeolite forms or modified in an attempt to enhance their 

performance
79,80,81

.  In the case of NaY, physisorption of DMMP was reported; 

the same conclusions were also drawn for NaY modified with 

tetrapropylammonium and with CeO2
79,81

.  Likewise, DMMP interaction with 

ZSM-5 was also reversible. ZSM-5 modified with silver yielded a similar 

response
80

. 

The interactions of DMMP with SiO2 hybridized with organic materials have also 

been reported 
25,82

.  These hybrid organic / inorganic materials exist as Langmuir-
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Blodgett films of trisilanolphenyl polyhedral oligomeric silsesquioxane.  Once the 

DMMP gas diffused into the film, the DMMP physisorbed (via hydrogen bonds) 

onto the inorganic component of the surface 
25,82

. 

1.2.2 Organic Materials 

Organic materials that have been studied for their interaction with OPs include 

polymers, salts, and biological materials. 

1.2.2.1 Polymers 

Numerous studies have been reported for the utility of polymers for the 

interactions with OPs; most of these studies surround fluoropolymers and siloxane 

based polymers
75-87

.  Several other non-fluoropolymers and non-siloxane based 

polymers have also been investigated
88-93

. 

OPs have also been reported to interact with fluoropolymers such as fluoropolyol, 

poly(vinylidene fluoride), and fluoro-modified polymers such as fluoroalcohol-

containing organic polymers, silicon based fluoroalcohol, and fluorinated-phenol 

polymers 
83,84,85,86,87,88,89,90

.  In all of these studies, reversible physisorption 

involving hydrogen bonding between the OPs and the fluoroalcohol or fluorinated 

groups were reported.  These interactions between the OPs and the surfaces were 

reportedly stronger than those that were observed for the non-fluoropolymer, 

polymethylmethacralate (PMMA)
88

. 

In the case of siloxane based polymers, literature exists for the interaction of 

DMMP with o-allyl phenol group functionalized polysiloxane, poly{methyl[3-(2-
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hydroxy-3,4-difluoro)phenyl] propyl siloxane}, co-poly(hydroxy-terminated 

silicone divinylbenzene), and polydimethylsiloxanes
91,92,93,94,95

.  Interactions of 

DMMP with siloxane based polymers were found to be reversible, and desorption 

upon heating was observed
94

. 

The interactions of OPs with non-fluoropolymers and non-siloxane based 

polymers such as allyl-substituted 3,5-bis(trifluoromethyl)phenol 

polymethylhydrosiloxane polypyrrole, polyamidoamine, hyperbranched polyurea 

functionalized with 1,5-dansyl (1,5-D), 2,5-dansyl (2,5-D), 2,6-dansyl (2,6-D) and 

nitrobenzofurazan (NBD) fluorophores, poly(o-phenylenediamine), polyaniline, 

MEH-PPV, PMMA, and polyethylenimine have been investigated 
96,97,98,99,100,101

.  

All of these polymers indicated a respond to the OPs. The interactions of DMMP 

with polypyrrole, led to conformational changes in the polymer
97

.  The interaction 

was concluded to be electronic in nature, and likely implied a strong 

chemisorption process
101

.  The DMMP interaction with polyaniline was attributed 

to hydrogen bonding, and swelling of the polymer was observed
100

.   

1.2.2.2 Salts 

The interactions of OPs with salts such as triflate (trifluoromethylsulfonate) and 

salts of copper, aluminum, zinc, and iron have been reported in the literature
94-98

.  

In the study with the ionic liquid salt 1,9-di(3-vinylimidazolium) nonane triflate 

(trifluoromethylsulfonate), selectivity of the surface towards DMMP amongst a 

mixture of organics was observed
94

.  The ionic liquid salt was successfully 

utilized for gas chromatography, which implied that a reversible interaction 
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between the OP and the surface occured
102

.  As for the salts of metals (e.g. copper 

perchlorate), although utilized with various liquid crystals (i.e. 4-cyano-4 -

biphenylcarbonitrile, nematic liquid crystal E7, 4 -pentyl-4-cyanobiphenyl, 

smectic liquid crystal 8CB) as indicators of the interaction, the mechanisms of 

interaction have been attributed to the OP interaction with the metal 

ions
103,104,105,106

.  The interactions were reportedly reversible and indicative of the 

physisorption of DMMP and the nerve agents GB, GD, GA, and VX onto the 

surfaces
103,104,105,106

. 

1.2.2.3 Biological Materials (Enzymes) 

Biological materials (e.g. enzymes) are primarily of interest to applications in OP 

detection since their application in air pollution control scenarios usually requires 

stringent environmental controls (e.g. temperature). However, for completeness, 

the available literature on the interactions of enzymes with OP compounds are 

also briefly reviewed here.  The interactions of various OP compounds such as 

paraoxon, methyl parathion, diisopropyl phosphorofluoridate, DMMP, and 

fenitrothion have been investigated with ascorbic acid oxidase (AAO), 

acetylcholinesterase (AChE)/choline oxidase (CHO) enzymes, and 

organophosphorous hydrolase (OPH).  Interactions with these enzymes were 

indicated by inhibition of the enzyme, as indicated by changes to the enzyme 

catalyzed reaction, or decomposition of the OPs into detectable 

products
107,108,109,110,111,112,113,114

.  Although the mechanisms of interaction were 

not explicitly studied in the available literature, the formation of decomposition 
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products suggested that a strong interaction must have existed between the OPs 

and the enzymes
107,108,109,110,111,112,113,114

. 

1.2.3 Summary 

As summarized in Table 1.1, OP compounds have been shown to have an affinity 

to several different types of surfaces. However, an optimal surface for the control 

of gaseous OP compounds has yet to be obtained since extensive quantitative 

information is missing.  

Table 1.1.  Summary of OP Interactions with Organic and Inorganic Materials 

 
Interacting 

Surface 

OP Compounds Interaction Type References 

Carbon 

Nanotubes 

Modified Nanotubes 

Activated Carbon 

Modified Activated 

Carbon 

 

DMMP 

DMMP 

DMMP 

DMMP 

 

Physisorption 

Physisorption 

Physisorption 

Chemisorption 

 

22,26,27 

28,29 

23,32,33 

23,32,33 

 

 

Metals and Metalloids 

Silicon 

Modified Gold 

 

DMMP, DEEP, TEP 

DMMP 

 

Unknown 

Physisorption 

 

34 

35-37 

 

 

Oxides 

Pure Oxides 

Mixed Oxides 

Modified Pure Oxides 

Zeolites 

Oxide-Inorganic Hybrids 

 

DMMP, TEP, TMP 

DMMP 

DMMP 

DMMP 

DMMP 

 

Both 

Both 

Chemisorption 

Physisorption 

Physisorption 

 

24, 38-71 

72-75 

76-78 

79-81 

82 

 

 

Polymers 

Fluoropolymers 

Siloxane-Based Polymers 

Other Polymers 

 

DMMP 

DMMP 

DMMP 

 

Physisorption 

Physisorption 

Unknown or 

Chemisorption 

 

83-90 

91-95 

96-101 

 

 

Salts 

Other salt 

Metal salts 

 

DMMP, TEP, DIMP 

DMMP, GB, GD, GA, 

VX 

 

Physisorption 

Physisorption 

 

102 

103-106 

 

 

Biological Materials 

AAO, AChE, CHO, OPH  

Plant esterase complex 

 

Nitroaromatic OPs 

DMMP 

 

Decomposition 

Unknown 

 

107-114 

115 
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1.3 Objective 

This work aims to determine an efficient material for the control of gaseous OP 

compounds by utilizing fundamental quantitative approaches. The approaches 

undertaken seek to investigate the mode of gaseous OP interactions with the 

selected surfaces as well as the thermodynamic strengths of interaction by 

employing closely coupled experimental and computational work. As previously 

summarized, selected OPs have been shown to interact with oxide materials.  

Oxides also offer attractive electronic and optical properties
116

 that  may 

potentially provide a facile means for the subsequent destruction of the sorbed 

OPs.  Thus, these sorbent materials are used in this work as the starting materials 

for the control of the gaseous OP compounds.  Specifically, the interactions of 

various OP compounds with three different oxides, i.e. amorphous and 

hydroxylated silica (a-SiO2), γ-alumina, and monoclinic zirconia, are determined.  

The first two oxides were chosen as baseline materials since they were previously 

investigated from a qualitative perspective with some OP compounds
24,38-41,52-54

.  

The work outlined in this document using a-SiO2 extends the previously 

published work to new OP compounds and provides a baseline example of the 

physisorption of OP compounds. The work described in this document using γ-

alumina provides a baseline example of chemisorption due to the interactions of 

the OP compounds with the Lewis acid sites of the γ-alumina.  It is hypothesized 

that zirconia has the potential to provide for the effective sorption of OP 

compounds in a manner that is superior to that of either the silica or the alumina 

surfaces due to the presence of Zr Lewis acid sites. 
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The OPs of interest in this work are illustrated in Figure 1.1.  DMMP is of interest 

to this study as it is commonly utilized as a surrogate for sarin, a chemical warfare 

agent
117

. A comparison between sarin and DMMP appears in Figure 1.2.  DMHP, 

DMEP, DEEP and TEP were chosen to determine the effects of changes in 

molecular size; an increase in the interaction energetics with an increase in 

molecular size is hypothesized.  This work also aims to determine if this trend is 

accurately predicted by first principles computational chemistry calculations.  

 

Figure 1.1. OPs of Interest:  Dimethyl phosphite (DMHP), Dimethyl 

Methylphosphonate (DMMP), Dimethyl Ethylphosphonate (DMEP), Diethyl 

Ethylphosphonate (DEEP), and Triethyl Phosphate (TEP)  

DMHP

DMMP

DMEP

DEEP TEP
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Figure 1.2.  Structures of Sarin and DMMP 

Empirical data are available for the interactions of DMMP with both silica and 

alumina, as well as for the interactions of nitroaromatic OPs with zirconia
24,38-41,52-

54,118,119,120
.  Computational chemistry investigations have been reported for the 

interactions of DMMP with silica and alumina
1,121,122,123

.  However, neither 

experimental nor computational chemistry investigations of the energetics of 

DMHP, DMEP, DEEP, and TEP interactions with silica or alumina have been 

published.  Furthermore, the interactions of the five OPs of interest with zirconia 

have also not been determined.  The work herein serves to extend the available 

database of information for silica and alumina, thereby enhancing the ability to 

develop structure response predictions for other OPs, while simultaneously 

devising and characterizing new zirconia based materials for the effective control 

of gas-phase OP compounds. 

  

DMMP Sarin
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1.3.1 Experimental determination of the thermodynamics of interaction 

One of the thermodynamic parameter of interest that is associated with the gas / 

sorbent interaction is the heat of adsorption.  The heat of adsorption, ΔH, can be 

represented by Equation (1.1),   

                                                         
    

  
 

 
 
 
 

 (Equation 1.1) 

where R is the gas constant, P is the pressure, and T is the absolute temperature.  

The ΔH value is evaluated at a specific value of N that corresponds to the 

equilibrium amount of gas that is adsorbed onto the sorbent.  A negative ΔH value 

corresponds to an exothermic process and a positive ΔH implies an endothermic 

process.  Since adsorption is an exothermic process, for any spontaneous 

interaction between the gas and the sorbent, ΔH is negative.  Comparative 

analyses can be performed by evaluating the magnitude of ΔH.  A more negative 

ΔH is indicative of stronger interactions between the gas and the sorbent.  As 

examples, a ΔH value that is more positive than -20 kcal/mol is associated with 

physisorption (i.e. weak binding through van der Waals forces or hydrogen 

bonding), while a ΔH value that is more negative than -20 kcal/mol is associated 

with chemisorption (i.e. strong binding by formation of ionic or covalent 

bonds)
30,31

. 

Based on Equation 1.1, the heat of adsorption can be calculated with knowledge 

of the equilibrium pressure of the sorbate (P) and the corresponding amount of 
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gas adsorbed onto the sorbent (N) at various temperatures (T).  Adsorption 

isotherms provide this correlation between P, N, and T. 

1.3.1.1 Adsorption isotherm 

Adsorption isotherms describe the relationship between the equilibrium amount of 

gas (sorbate) adsorbed onto the sorbent (i.e. N) and the equilibrium pressure of 

the sorbate (P) at constant temperature (T).  The equilibrium pressure of the 

sorbate, P, is often expressed in terms of a relative pressure, i.e. x, where x = P/P
o
 

and P
o
 is the saturation vapor pressure of the sorbate. Thus,   

                                         

There are six types of adsorption isotherms, as illustrated in Figure 1.3
124,125

. 

 

Figure 1.3.  Types of Adsorption Isotherm 

 



18 
 

In brief, a Type I isotherm is representative of monolayer adsorption, where only 

one layer of sorbate interacts with the sorbent and the surface becomes saturated 

as the relative pressure, x, approaches unity (i.e. no sorbate-sorbate interaction).  

Type II-VI isotherms are representative of multilayer adsorption which may be 

observed when both sorbate-sorbent and sorbate-sorbate interactions exist.  

Specifically, a Type II isotherm represents the monolayer saturation of a surface 

(i.e. sorbate-sorbent interaction) followed by further adsorption through sorbate-

sorbate interaction.  A Type III isotherm represents simultaneous sorbate-sorbent 

and sorbate-sorbate interactions.  Type IV and V isotherms represent, 

respectively, Type II and Type III adsorption behaviors which approach saturation 

limits as the relative pressure approaches unity.  A type VI isotherm represents the 

type IV isotherm but with incremental steps associated with saturation limits.  

Comparing the shape of an experimental adsorption isotherm to one of these 

isotherm types can be useful for deducing the adsorption processes and aid in the 

selection of an appropriate mathematical expression for fitting experimental data. 

Experimental adsorption isotherms are constructed from measurements of the 

adsorbed amount, N, and the relative pressure, x, at constant temperature, T. 

These measurements can be taken by two different methods.  The first method 

involves the monitoring of the amount of sorbate that leaves the gas phase; a 

volumetric system is the most direct tool of measurement for this method.  For a 

system of known volume, a direct measurement of the change in the system’s 

pressure can be correlated to the amount of sorbate leaving the gas phase.  This 

technique requires uniform temperature control of the system and an appropriate 
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equation of state to relate the PVT behavior of the sorbate.  The second method 

involves the monitoring of the amount of sorbate that enters the sorbed phase; this 

can be done directly with a gravimetric system.  For a sorbent with a known mass, 

the changes in the sample mass upon exposure to the sorbate can be related to the 

amount of sorbate entering the sorbed phase.  Typical responses for these systems 

are illustrated in Figure 1.4.  

 

Figure 1.4.  Typical Responses for Volumetric and Gravimetric Systems 

 

Other quantities that can be related to the amount of sorbate leaving the gas phase 

or the amount of sorbate entering the sorbed phase (e.g. changes in the intensity of 

an infrared absorption band) can also be utilized.  However, these alternative 

techniques require an extensive correction of data to correlate the adsorbed 

amount to the observed response, thus introducing unnecessary sources of error.  

Both the monitoring of the sorbate leaving the gas phase or the amount of sorbate 

entering the sorbed phase can be employed in static (i.e. batch) or dynamic (i.e. 

continuous) systems.  Dynamic systems are often coupled to chromatographic 

equipment for the analysis of mixtures (e.g. the sorbent can be exposed to a pure 

Volumetric Gravimetric 
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component sorbate, the sorbate can react with the sorbent and release product 

gases to form a mixture with the original sorbate). 

With the availability of adsorption isotherm data at two or more temperatures, the 

heats of adsorption can be calculated.  Note that heat of adsorption could also be 

measured by calorimetric methods.  However, the operation of a calorimeter 

could be costly and this technique could be limited by the detector sensitivity. 

1.3.2 Computational determination of the thermodynamics of interaction 

The thermodynamics of interaction can be determined using computational 

chemistry calculations.  Traditionally, computational chemistry generally involves 

the use of the Schrodinger equation
126

, which is a wave equation deduced in an 

attempt to describe the wave-like behavior of particles
127

.  Solutions to the 

Schrodinger equation provide information on the energy and the quantum 

mechanical or chemical behavior of a particle
127

.   

For many-body problems or systems involving multiple electrons, density 

functional theory has been developed and is increasingly popular for providing an 

alternative solution to the Schrodinger equation
128

.  Density functional theory 

(DFT) utilizes electron densities (as opposed to wavefunctions) for the chemical 

and physical description of materials
126

.   

Many software packages exist to carry out DFT calculations
126

.  One of these 

software packages is Gaussian
129

.  Computational determinations of the 

thermodynamics of interaction (i.e. heats of adsorption) are calculated from 

partition functions
130

.  In brief, contributions from translational, electronic, 
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vibrational, and rotational motions are accounted for in these partition 

functions
130

.  These motions are used to ultimately calculate the heat of 

adsorption, assuming idealized behavior
130

.   

1.4 Overview of the Dissertation Document 

In the following chapter, a laboratory-based, quantitative evaluation of the 

interactions of the five OPs of interest with amorphous silica is presented.  A 

static volumetric technique is utilized.  This technique was chosen for its ability to 

directly monitor the amount of sorbate leaving the gas phase.  The experimental 

results are compared with computational predictions to determine the validity of 

computational chemistry tools for comparative analyses (i.e. the ability to predict 

trends accurately).  Amorphous silica was chosen for this validation study for its 

ability to attract OPs without subsequent reaction of the OP, as reported in the 

literature
52,53

.  The non-reactive attraction of the OPs allows the static volumetric 

technique to be effectively utilized for the adsorption isotherm measurements. 

In chapter 3, the utility of zirconia for sorption of the five OPs of interest is 

investigated using computational chemistry tools.  This work represents the first 

comprehensive study of the interactions of the five gas-phase OPs of interest with 

zirconia.  It is hypothesized that zirconia has the potential to provide for the 

effective sorption of OP compounds in a manner that is superior to that of the 

silica surfaces due to the presence of Lewis acid sites and better bonding ability as 

compared with the Lewis acid sites of alumina due to the surface charge of the 

zirconium ion when coordinated in the oxidized form.  A comparison between the 
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strengths of interactions between the OPs and zirconia versus the interactions of 

the OPs with alumina and silica are also presented.  Based on the results from the 

validation study presented in chapter 2, the applicability of the computational 

results and the expectations for zirconia interactions in a “real” system are 

commented upon. 

Chapter 4 presents the synthesis of a monoclinic zirconia material (the phase 

modeled by computational chemistry tools in Chapter 3) and its application in OP 

adsorption.  A first attempt at optimizing the hydrothermal synthesis of 

monoclinic zirconia adsorbent with a high surface area is investigated by 

analyzing the effects of calcination at various conditions.  A first experimental 

study of the mechanisms of interaction and the heats of adsorption between the 

OPs of interest and monoclinic zirconia are also presented.  Conclusions are 

drawn on the applicability and challenges associated with the utility of monoclinic 

zirconia in a “real” environment. 

Lastly, in chapter 5, a proposal for future work to enhance the applicability of 

monoclinic zirconia for the purpose of OP pollution control is presented.  

Strategies associated with the further optimization of the synthesis of m-zirconia 

as well as potential ideas which could be explored to overcome challenges 

associated with the application of the material are proposed.    
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CHAPTER 2 

EXPERIMENTAL AND COMPUTATIONAL CHEMISTRY 

PREDICTIONS OF ORGANOPHOSPHORUS ADSORPTION ONTO 

AMORPHOUS SILICA 

2.1 Introduction 

The utility of amorphous silica for the experimental adsorption of several 

organophosphorus (OP) compounds, including one of the OPs of interest, 

dimethyl methylphosphonate (DMMP), has previously been reported
54,52,53

.  Early 

work by Henderson et al.
54

 investigated the adsorption of DMMP onto dehydrated 

and hydroxylated amorphous silica (a-SiO2) surfaces, partially hydrated and 

hydroxylated a-SiO2, and heavily hydrated (i.e. with surface bound H2O) a-SiO2 . 

The samples were dosed with DMMP at 170K and studied by Auger electron 

spectroscopy in combination with temperature programmed desorption up to 

700K.  The study concluded that multilayer adsorption of DMMP occurred by 

physisorption on the partially hydrated/ hydroxylated surface and the dehydrated / 

hydroxylated surface.  In addition, small amounts of decomposition products from 

the chemisorption of DMMP were observed on the heavily hydrated surface of 

silica
54

. 

Kanan and Tripp
52,53

 investigated the adsorption of dimethyl methylphosphate 

(DMMP), trimethyl phosphate (TMP), methyl dichlorophosphate (MDCP) and 

trichlorophosphate (TCP) at room temperature onto the hydroxylated surface of a-

SiO2 utilizing infrared spectroscopy.  The authors concluded that physisorption of 

the OPs to the surface occurred via hydrogen bonding between the phosphonyl O 
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and/or the methoxy O atoms of the OPs and surface hydroxyl groups
52,53

.  

Pertaining to DMMP, one of the OPs of interest in this work, adsorption onto the 

amorphous silica occurred by hydrogen bonding between the two methoxy 

oxygen atoms of DMMP and surface hydroxyl groups.  Subsequent to adsorption, 

the OPs were reversibly desorbed at room temperature, 150°C, 300°C, and 400°C 

for TCP, MDCP, DMMP, and TMP, respectively
52

.  The OPs were also found to 

be selectively desorbed using amine displacers.  Although these reports are 

pertinent for the evaluation of sorbent materials, the conclusions that can be 

drawn are limited to the qualitative aspects of adsorption.  Thus, a quantitative 

gap in data exists. 

Recent efforts to evaluate the utility of material surfaces for OP adsorption by 

quantitative means have focused on computational studies.  Bermudez
1
 performed 

computational chemistry calculations on the adsorption of TCP, DMMP, and 

Sarin on a-SiO2.  The a-SiO2 model utilized in the study by Bermudez
1
 was 

obtained by terminating Van Ginhoven’s optimized bare amorphous silica with 

~3.4 –OH groups per nm
2
; the model is structurally representative of amorphous 

silica.  Interaction between DMMP and the Si21O56H28 cluster resulted in an 

isosteric heat of adsorption of -20.0 kcal/mol for the most stable adsorption 

geometry. The most stable adsorption geometry involved hydrogen bonding 

between the surface hydroxyl groups and the phosphonyl O atom, as illustrated in 

Figure 2.1. 
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Figure 2.1.  a-SiO2 Adsorption of DMMP via the Phosphonyl O atom as obtained 

from Bermudez
1
 (The Blue, Red, Green, Black, and White Atoms in the Figure 

represent Si, O, P, C, and H, respectively) 

 

The less stable adsorption geometry between the surface hydroxyl groups and the 

methoxy O atoms, as illustrated in Figure 2.2, resulted in an isosteric heat of 

adsorption of -13.6 kcal/mol 
1
. 

 

Figure 2.2.  a-SiO2 Adsorption of DMMP via the Methoxy O atom as obtained 

from Bermudez
1
 (The Blue, Red, Green, Black, and White Atoms in the Figure 

represent Si, O, P, C, and H, respectively) 
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The validity of the adsorption energetics deduced from computational methods is 

uncertain since few experimental data exist for comparison.  Moreover, the 

available calculations are based on an idealized one active site – one molecule 

interaction.  A mismatch in energy may thus be expected when comparing the 

computational results to those obtained from experiment.  Nevertheless, deducing 

adsorption energetics by experimental means is time intensive.  In addition, safety 

concerns could arise when dealing with species of high reactivity or high 

toxicities.  Hence, the use of computational chemistry as a pre-screening tool is 

beneficial, provided that the trends in the quantitative parameters can be 

accurately predicted. 

This first work aims to systematically determine and compare experimental and 

computational chemistry data to determine the trends in adsorption energetics.  

Experimental heats of adsorptions are determined for four OP compounds of 

similar group contribution with the generic structure as illustrated in Figure 2.3. 

 

Figure 2.3.  Generic Structure of the OPs of Interest 

Specifically, the adsorption of dimethylphosphite (DMHP), dimethyl methyl 

phosphonate (DMMP), diethyl ethyl phosphonate (DEEP), and triethyl 

phosphonate (TEP) onto the hydroxylated surface of amorphous silica are 
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investigated. The OP compounds vary in their molecule size.  Isosteric heats of 

adsorption are calculated based on Equation 2.1,   

       
    

  
 

 
 
 
 

 (Equation 2.1) 

where R is the gas constant, P is the pressure, and T is the absolute temperature. 

The ΔH value is evaluated at a specific value, N, that corresponds to the 

equilibrium amount of gas that is adsorbed onto the sorbent.  Adsorptions 

isotherm are constructed at various pressures up to the saturation vapor pressure 

of the OPs to relate OP adsorption, N, to the pressure of the OP exposed to a-

silica samples, P.  The adsorption behavior (i.e. monolayer or multilayer) is also 

deduced from the experimental data.  Prior to conducting the adsorption studies, 

vapor pressures as a function of temperature for the four OPs of interest are also 

measured since data for these OP compounds either exhibit great uncertainty or 

have not previously been published.   

2.2 Experimental Details 

Chemical and Reagents 

Nanoparticles of hydrophilic fused silica with a BET surface area of 380 m
2
/g 

were obtained from Evonik Degussa; these samples are amorphous in nature.  

Amorphous silica (a-SiO2) samples were vacuum treated at 105°C for 45 minutes 

in an attempt to dislodge the surface adsorbed water molecules and subsequently 

sealed under vacuum prior to use.  Liquid TEP, DMMP, DMHP, and DEEP of 

>98% stated purity were obtained from Spectrum Chemical (for DMMP) and Alfa 
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Aesar (for TEP, DMHP, and DEEP).  To further enhance the purity of the OPs, 

the liquid samples were subjected to freeze-pump-thaw cycles using a custom 

manufactured vacuum system.  Gaseous TEP, DMMP, DMHP, and DEEP were 

generated from the purified liquid samples. 

Vapor pressure measurements 

The vapor pressures of TEP, DMMP, DMHP, and DEEP were measured at six 

temperatures between 23.8°C and 34.6°C using the apparatus illustrated in Figure 

2.4.  Approximately 6 to 10 mL of liquid samples of TEP, DMMP, DMHP, or 

DEEP were loaded into the liquid sample holder. The liquid sample holder is 

constructed from a Pyrex round bottom flask modified with a ¼’’ O.D. opening.  

The experimental apparatus was evacuated by opening valve V1 which connects 

the apparatus to the vacuum pump (U.S. Vacuum Model 100-3.5 Two Stage 

Rotary Vane Vacuum Pump).  The liquid samples were frozen with liquid 

nitrogen, and valve V3 was opened to allow gases to be pumped from the 

apparatus as the liquid samples thawed.  Freeze pump thaw cycles were repeated 

until bubbling was eliminated during the thaw cycle prior to the vapor pressure 

measurements.  

Subsequent to the freeze pump thaw cycles, valve V3 was closed to allow the 

experimental apparatus to evacuate.  The experimental apparatus was evacuated 

to a negligible pressure (i.e. less than the maximum resolution of the capacitance 

diaphragm gauges, e.g. 0.03 Torr).  Meanwhile, the liquid sample holder was 

covered with heating ropes, insulated, and allowed to reach the desired 
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temperature set point.  The experimental apparatus was also allowed to reach the 

desired temperature set point.   

The temperature was controlled by an Omega CNi3243 temperature controller 

with a set point accuracy of ±0.1°C.  Background studies were performed to 

measure the actual temperature variation in the experimental apparatus; 

temperature variations in the experimental apparatus were within 1°C of the 

temperature set point.  Once the desired temperature set points were achieved, the 

experimental apparatus was closed to the vacuum pump and valve V3 was opened 

to the liquid sample holder to allow the liquid samples of TEP, DMMP, DMHP, 

or DEEP to reach their equilibrium saturation vapor pressures.  The pressure of 

the apparatus was measured with two pressure gauges (CDG025 1000 Torr and 

CDG025 1 Torr) obtained from Inficon.  For pressures between 0 to 1 Torr, the 0 

to 1 Torr pressure gauge with a resolution of 0.00003 Torr was utilized.  For 

pressures between 1 to 1000 Torr, the 0 to 1000 Torr pressure gauge with a 

resolution of 0.03 Torr was utilized.  The measurements by the gauges were 

processed and indicated by the Inficon VGC402 pressure measurement unit and 

recorded by LabView software on an adjoining computer.  Each pressure 

recording was logged in 30 seconds intervals until negligible changes in pressure, 

(specifically, the change in pressure, ΔP, per hour was less than the gauge 

resolution) was reached.  For each OP compound, six temperatures were used, 

and five measurements of the vapor pressure were determined at each 

temperature. 
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Figure 2.4. Experimental Apparatus 

 

Adsorption isotherm measurements 

Adsorption isotherm measurements were performed using a static volumetric 

method.  Measurements were recorded at four temperatures between 23.8°C and 

34.6°C.  The experimental apparatus illustrated in Figure 2.4 for vapor pressure 

measurements was utilized for these measurements as well.  For the adsorption 

studies, approximately 0.07 to 0.10 g of a-SiO2 samples were loaded into the 

custom made Pyrex sorbent sample holder.  The sorbent samples holder was 

slowly evacuated in a temperature controlled heating mantle at 105°C for 45 

minutes prior to use.  Evacuation was performed by opening valves V1 and V2 to 

create an open path to the vacuum pump and the valve directly connected to the 

sample holder was partially opened to create a small orifice for the air inside the 

sample holder to be evacuated while minimizing loss of the samples.  Once 
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evacuation was completed, the sorbent sample holder was sealed under vacuum 

and transferred to the port on valve V3. 

Subsequent to securing the sorbent sample holder onto the valve V3 connection, 

valve V2 was closed and valve V1 was kept open to allow the experimental 

apparatus to evacuate.  The experimental apparatus was evacuated to a negligible 

pressure.  Valve V3 was subsequently opened to the sorbent sample holder to 

determine the initial pressure of the experimental apparatus.  Meanwhile, the 

experimental apparatus, including both the liquid sample holder and the sorbent 

sample holder, was covered with heating ropes, insulated, and allowed to reach 

the desired temperature set point as controlled by the Omega temperature 

controller.  Once the desired temperature set points were achieved, the 

experimental apparatus was closed to the vacuum pump, valve V3 was closed to 

the sorbent sample holder, and opened to the liquid sample holder to allow the 

liquid OP samples to vaporize into the gas sample cylinder until the desired 

pressures were reached.  The pressure of the gas sample cylinder was measured 

with the two pressure gauges and logged by LabView at 30 seconds interval.   

Once the desired pressure was stabilized as indicated by the Inficon pressure 

measurement unit, the sorbent sample was then exposed to the gaseous OP sample 

by opening valve V3 to the sorbent sample holder.  The change in pressure was 

then measured with the gauges and recorded by LabView, also at 30 seconds 

interval.  The change in pressure was monitored and recorded until negligible 

changes in pressure (i.e. ΔP per hour < gauge resolution) was recorded.  Once this 

state of “equilibrium” was reached, additional gaseous OP samples were 
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generated by allowing the liquid OP samples in the liquid sample holder to 

vaporize into the gas sample cylinder.  The gas sample cylinder was opened to the 

liquid sample holder until the next desired pressure was attained.  The procedure 

for exposure of the gaseous OP in the gas sample cylinder to the sorbent sample 

was repeated at additional pressures.  Additive dosing of the gaseous OP onto the 

sorbent sample was performed until the saturation vapor pressure of the OP, at the 

corresponding temperature of the adsorption measurements, was reached.  For 

each OP compound at each of the four temperatures, three sets of isotherm 

measurements were recorded. 

2.3 Computational Details 

Computational chemistry studies of the gas-solid interaction involve (1) 

optimization of the structure of the gaseous material, (2) optimization of the 

structure of the solid surfaces, and (3) the optimization of the coupled systems.  

DFT calculations on the gases of interest (i.e. organophosphorus) and the 

hydroxylated a-silica model were performed to determine the lowest energy 

conformation (most favorable geometry).  All calculations were performed with 

the Gaussian 03 computational package
129

.  The geometries of the OPs were 

individually optimized.  The OP-silica pairs were subsequently optimized with the 

lowest energy conformer of the OPs as the starting structures.  Upon completing 

the geometry optimization of the OPs and the OP-silica pairs, frequency 

calculations were performed to determine the thermodynamic parameters 

associated with the OP-silica interactions. 
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DMHP, DMMP, DMEP, DEEP, and TEP 

DMHP, DMMP, DMEP, DEEP, and TEP can exist as one of multiple low energy 

conformers
131,132,133,134,135

.  The lowest energy conformer is the focus of this work.  

The low energy conformers are thermodynamically favorable; computational 

investigations of the conformers for the five OPs of interest have been presented 

in published literature 
131,132,133,134,135

.  The ability to resolve the geometries of the 

low energy conformers of compounds by computational methods relies upon the 

capability of the functional and the basis set. These computational parameters 

describe the electronic behavior of the atoms that the compounds are composed 

of.  The choice of which functional and basis sets to use is made by one of two 

methods:  (1) comparison between the predictions of various properties (e.g. 

infrared absorption frequencies) determined by using the computational methods 

to the properties observed empirically and (2) comparison among the different 

computational methods used.  Published computational results for the OPs of 

interests using different methods are summarized in Table 2.1. 

This study investigates the interaction of silica with the most favorable conformer 

for each OP.  The geometries of DMHP, DMMP, DMEP, DEEP, and TEP were 

optimized using density functional theory (DFT) with the B3LYP functional and 

the 6-31G (d) basis set.  The B3LYP functional and 6-31G (d) basis set is the 

minimal method which has been utilized in published work by Yang et al.
135

 with 

proven success for obtaining the lowest energy conformer for DMMP. 
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Silica and OP interaction 

The structure for the various forms of silica (e.g. with defects 
136,137,138

 , bare 

139,140,141,142,143,144,145,146,147,148,149,150,151,152,153,154,155,156,157,158
 vs. 

hydroxylated
159,160,161, 162,163,164

, amorphous vs. crystalline
165,166,167,168

) have been 

investigated by computational chemistry methods.  The defect-free hydroxylated 

surface of amorphous silica is the subject of interest in this study.  Investigations 

on the structural features (i.e. bulk structure and surface properties of hydroxyl 

sites) of the defect-free hydroxylated surface of a-SiO2 have been conducted by 

two different methods:  dissociative adsorption of water onto the bare silica 

surface
161,162,163,164

and comparative evaluation of surfaces with artificial loading of 

–OH groups
159,160

.  In the former method, the well established bare SiO2 surface is 

often utilized.  These bare models are amorphousized and optimized by the 

simulated annealing of large slabs of crystalline silica on the order of 10
3
 atoms in 

size.  The resulting structure of the bare silica consists of a fourfold coordinated Si 

atoms (i.e. Si connected to four other units by bonding interactions) and twofold 

coordinated oxygen atoms except in areas where under-coordinated defects are 

present.  A large distribution of these Si and O atoms appear as 4 to 8-fold SiO2 

rings in the underlying layers, with a smaller distribution of even larger rings (also 

found in the underlying layers) and low concentrations of the smaller twofold and 

threefold rings near the surface
7,169,144

.  Studies on the reaction between water and 

the bare amorphous cluster <100 atoms in size (which are structurally in agreement 

with the aforementioned description) concluded that the three-coordinated Si 

defect was the most favorable site for hydroxylation, especially when the defect 
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was positioned near a non-bridging oxygen;  hydroxylation only occurred in the 

presence of other water molecules
161,162,164

. 

In the latter method (i.e. artificial loading of –OH groups), a silica model with 

similar ring distributions as those determined from bare a-SiO2 calculations are 

artificially loaded with one or more –OH at different termination sites.  These 

structures are optimized and their simulated properties such as NMR shifts, 

infrared absorption frequencies, and dehydrogenation energies are compared with 

experimental observation.  Ugliengo
160

 investigated five different surfaces of 60 

Si-atom models with varying –OH densities (7.2, 5.4, 4.5, 2.4, 1.5 –OH groups per 

nm
2
).  These surfaces were representative of a-SiO2 that was heated at different 

temperatures.  The study concluded that high concentrations of terminal –OH (as 

opposed to –OH involved in hydrogen bonding contacts within the structure) were 

available for surface interactions.  Tielens
159

 investigated the top and bottom 

surfaces of a Si26O65H27 slab model.  The optimized structures consisted of 5.8 –

OH groups per nm
2
 with a larger density of terminal sites (-OH on a three 

coordinated Si) than germinal sites (-OH on a two coordinated Si) on the surface.  

These studies concluded good agreement with empirical data such as NMR shifts, 

infrared absorption frequencies, and dehydrogenation energies. 

In summary, the hydroxylated defect-free a-SiO2 model is described by a large 

distribution of 4 to 8-fold coordinately saturated SiO2 rings in the bulk, some 2 and 

3-fold coordinately saturated SiO2 rings on the surface, and a large distribution of 

terminal –OH of an experimentally correlated density on three-coordinated surface 

Si atoms. 
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In this work, a new, reduced size model, as illustrated in Figure 2.5, was 

constructed based on a larger model that was obtained from Dr. V.M. Bermudez of 

the Naval Research Laboratories and utilized in his previously published work
1
.  

All of the models are based from the original work of Van Ginhoven
154

.  The 

reduced cluster in the current work was terminated with –OH to achieve the 

desired functionality. 

Interactions between the silica surface shown in Figure 2.5 and the five OPs of 

interest were optimized using density functional theory (DFT) with the B3LYP 

functional and a 6-31G (d) basis set.  When geometry optimization was completed, 

frequency calculations were performed to determine the thermochemical data for 

each of the silica and OP (i.e. DMHP, DMMP, DMEP, DEEP, and TEP) pairs.   

 

Figure 2.5.  Side View and Top View of Amorphous Silica Cluster for Adsorption 

of OPs 

  

Side View Top View
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2.4 Results and Discussion 

The validity of the adsorption isotherm is limited to relative pressures, x, between 

0 and 1 (relative to the saturation vapor pressure, P
o
).  Saturation vapor pressures 

must be known at each temperature of interest prior to undertaking the adsorption 

isotherm measurements.  The vapor pressures for DMHP and DMMP are available 

in the literature at limited temperatures
2,3

, whereas the vapor pressures for DEEP 

and TEP have not been previously published in the open literature. 

2.4.1 Vapor pressure of DMHP, DMMP, DEEP and TEP 

The vapor pressures of DMHP, DMMP, DEEP, and TEP were measured at six 

temperatures of interest: 23.8, 26.4, 28.0, 30.6, 32.1, and 34.6°C.  Figures 2.6 - 2.9 

illustrate the results for DMHP, DMMP, DEEP, and TEP, respectively; 

comparisons to available literature values are also illustrated. 

 

Figure 2.6.  Vapor Pressure, P
o
, of DMHP (●) ±1σ at 23.8, 26.4, 28.0, 30.6, 32.1, 

and 34.6°C and Literature Values (■)
2
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Figure 2.7.  Vapor Pressure, P
o
, of DMMP (●) ±1σ at 23.8, 26.4, 28.0, 30.6, 32.1, 

and 34.6°C determined in this work.  Literature Values are represented by (■)
2
, 

(□)
3
, and (○)

4,5,6 

 

 

Figure 2.8.  Vapor Pressure, P
o
, of DEEP (●) ±1σ at 23.8, 26.4, 28.0, 30.6, 32.1, 

and 34.6°C 
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Figure 2.9.  Vapor Pressure, P
o
, of TEP (●) ±1σ at 23.8, 26.4, 28.0, 30.6, 32.1, and 

34.6°C 

 

The vapor pressures, P
o
, for DMHP, DMMP, DEEP, and TEP measured at T = 

23.8, 26.4, 28.0, 30.6, 32.1, and 34.6°C in this work increase with increasing 

temperature, as expected.  The increase in vapor pressure can be attributed to the 

increase in the kinetic energy of the molecules at higher temperature. 

In comparison to the available literature values, discrepancies in the vapor 

pressures of DMMP exist among the published work and with the values measured 

in this work
46-50

.  Specifically, the vapor pressures of DMMP measured from this 

work are consistently higher than those reported by Tevault and coworkers
2,3

; 

vapor pressures higher and lower than the values obtained by Tevault and 

coworkers
2,3

 have also been reported as illustrated in Figure 2.7.  It should also be 

noted that the values reported by Tevault and coworkers in 2009
2
 are in better 

agreement with the values measured in this work than the values reported by 
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Tevault and coworkers in 2006
3
.  On the contrary, the vapor pressures of DMHP 

measured from this work are in excellent agreement with the values obtained and 

published by Tevault and coworkers
2
.  

Conclusive reasons for the discrepancy between the experimental values obtained 

in this work and the values reported in references
4-6

 cannot be fully commented 

upon since some of the published data contain no information on the measurement 

methodology.  Agreement in the DMHP values and discrepancies with the DMMP 

values reported by Tevault and coworkers in 2009
2
 may be explained by the 

differences in sample purity and measurement methodology.  In our work, DMMP 

samples, initially of 99.3% purity, were further purified by repeated freeze-pump-

thaw cycles, a technique that is effective for the removal of any impurities with 

higher vapor pressures than our compound of interest.  It is noted that Tevault and 

coworkers
2
 used DMMP samples of 99% purity (as stated by their supplier) 

without further purification and DMHP samples of 99.87% purity (measured in 

their work).  Moreover, Tevault and coworkers
2
 determined the vapor pressure of 

DMMP by a gravimetric measurement (i.e. a measurement of the mass change of 

any liquid material present), while the DMHP vapor pressure measurements were 

determined using a chromatographic method that focused on specifically 

measuring the DMHP.  The gravimetric and chromatography methodologies differ 

in the ability of chromatography to differentiate between a response induced by the 

DMHP (the OP compound studied) from a response induced by an impurity.  The 

gravimetric method is unable to identify sources of error due to impurities in the 

DMMP sample (i.e. an impurity with a lower vapor P would lead to a lower mass 
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loss of the liquid phase and correlate to a lower vapor P for DMMP).  With these 

differences in mind, the discrepancies between the values published by Tevault 

and coworker in 2009
2
 and the values measured in this work may be easily 

explained.  Note that the larger magnitude of discrepancies between the values in 

this work and the values published by Tevault and coworker in 2006
3
 cannot be 

explained by differences in purity (i.e. this would require a significant difference in 

purity).  Dr. Tevault was contacted, and electronic mail communication indicated 

that the 2009 data were more reliable.  

Based on the explanation given, the values obtained in this work are in reasonable 

agreement with recently published data and are reliable.  Thus, the vapor pressures 

measured in the current work were utilized for the adsorption isotherm 

measurements. 

2.4.2 a-SiO2 adsorption of DMHP, DMMP, DEEP, and TEP 

Adsorption isotherm 

Amorphous silica was exposed to single-component gas samples of DMHP, 

DMMP, DEEP, and TEP at 23.8, 28.0, 30.6, and 34.6 °C.  Adsorption 

measurements were made for gas sample pressures, P, between 0 Torr and the 

average vapor pressure of the OPs, P
o
 (i.e. between relative pressure, x =P/ P

o
, 

from 0 to 1).  Adsorption of the OP onto amorphous silica, N, was correlated from 

the pressure measurement using the ideal gas law.  The validity of the ideal gas 

law was confirmed by insignificant differences between the pressure, volume, 
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temperature behavior predicted by the ideal gas law and that predicted by the virial 

equation of state.   

The experimental results for DMHP, DMMP, TEP, and comparisons of the 

experimental results to the four adsorption isotherm models listed in Table 2.2 are 

illustrated in Figures 2.10 – 2.12.  Note that attempts were made to determine the 

adsorption of DEEP onto amorphous silica at 23.8, 28.0, 30.6, and 34.6 °C.  The 

measurements, however, were statistically insignificant (see Appendix).  This 

indicates the limitations of the measurement technique for exceptionally low 

volatility compounds.  Thus, the adsorption isotherms of DEEP were not utilized 

and will not be discussed. 

Table 2.2.  Multilayer Adsorption Isotherm Models 

Isotherm 

model 

Model equation
170,171,172

 

BET 
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H  ttig 
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Figure 2.10. Adsorption of DMHP (●) by a-SiO2 at 23.8°C (top left), 28.0°C (top 

right), 30.6°C (bottom left), and 34.6°C (bottom right) as compared to the BET 

( ), the nBET ( ), the BDDT ( ), and the H  ttig ( ) Models 
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Figure 2.11. Adsorption of DMMP (●) by a-SiO2 at 23.8°C (top left), 28.0°C 

(top right), 30.6°C (bottom left), and 34.6°C (bottom right) as compared to the 

BET ( ), the nBET ( ), the BDDT ( ), and the H  ttig ( ) Models 
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Figure 2.12. Adsorption of TEP (●) by a-SiO2 at 23.8°C (top left), 28.0°C (top 

right), 30.6°C (bottom left), and 34.6°C (bottom right) as compared to the BET 

( ), the nBET ( ), the BDDT ( ), and the H  ttig ( ) Models 
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of the experimental data for any value of x, the results were compared with the 

isotherm models listed in Table 2.2.  These isotherm models are representative of 

multilayer adsorption such as the Type II-VI isotherms shown in Chapter 1.  In 

Table 2.2, the adsorbed amount, N, is related to the monolayer capacity, am, the 

adsorption constant, K, the number of layers of sorbate, n, and the compensation 

for energetic diversity, q, as well as the relative pressure, x, in these multilayer 

adsorption isotherm models.  The nBET, BDDT, and the H  ttig models are 

extensions to the BET model, which is one of the first attempts to represent 

multilayer adsorption
173,174,175

.  The BET model assumes that (1) adsorption occurs 

on an energetically homogenous surface
176

, (2) the adsorption and desorption 

behavior of an infinite number of adsorbed layers beyond the second layer are 

identical, (3) the adsorption energy is assumed to be equivalent to that of the liquid 

state, and (4) the molecules adsorbed on the surface do not interact with one 

another
171

.  The nBET model relies upon the same assumptions as the BET model, 

although it limits adsorption to only a finite number of adsorbable layers
171

.  An 

additional parameter, q, in the BDDT model accounts for the effects of energetic 

diversity due to the compensation for effects such as capillary condensation
171

.  All 

three of these models have the inherent implication that adsorbed molecules cannot 

desorb from the surface if additional layers are present on top of them.  In the case 

of the H  ttig model, desorption of any molecule is assumed to be unimpeded
172

. 

As illustrated in Figures 2.10 – 2.12, the BET model underpredicts adsorption at 

low relative pressures and overestimates adsorption at high relative pressures.  The 

H  ttig model represents the adsorption data at low relative pressure but 
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underestimates adsorption at high relative pressures.  Conversely, both the nBET 

and the BDDT models represent the experimental results within the uncertainty of 

the measurements.  The sources of discrepancy lie within the inherent assumptions 

of the isotherm models.  Specifically, BET adsorption approaches infinity as 

relative pressure, x, approaches unity.  The nBET and BDDT adsorption models 

are defined with a finite number of absorbable layers.  The H  ttig model also 

converges to a constant as the relative pressure, x, approaches 1.  In summary, the 

2 parameter BET and H  ttig models fail to describe all of the experimental results.  

Although the BDDT model provided better fit (e.g. lower values of χ
2
) for some of 

the experimental data, the 3 parameter nBET model and the 4 parameter BDDT 

model were equivalent in efficacy within the uncertainty of the measurements. 

(Adsorption isotherm model parameters, the standard deviation of the model 

parameters, χ
2
, from regression analyses, and P values from F tests were obtained 

using Igor Pro 6.03 and are listed in the Appendix.  The values of χ
2
 were 

minimized to obtain the best-fit model parameters).  Further discussions for 

DMHP, DMMP, and TEP utilize the nBET model predictions since the nBET 

model predictions provide continuous representations of the experimentally 

determined relationships between OP adsorption, N, and relative pressure of the 

OP, x, using a minimal number of parameters. 

Temperature dependence of the adsorption isotherm  

The temperature dependence of the adsorbed number of moles, N, for DMHP, 

DMMP, and TEP, are represented by the nBET predictions as shown in Figures 

2.13 – 2.15, respectively.  Again, it is important to emphasize that the nBET model 



49 
 

provided an excellent fit to the experimentally derived data, and the model was 

simply used to provide a continuous representation that is easier to visualize in 

Figures 2.13 – 2.15.  

 

Figure 2.13.  Temperature Dependency of DMHP Adsorption, N, as represented 

by nBET Predictions for Adsorption by a-SiO2 at 23.8, 28.0, 30.6, and 34.6 °C 

 

 

Figure 2.14.  Temperature Dependency of DMMP Adsorption, N, as represented 

by nBET Predictions for Adsorption by a-SiO2 at 23.8, 28.0, 30.6, and 34.6 °C 
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Figure 2.15.  Temperature Dependency of TEP Adsorption, N, as represented by 

nBET Predictions for Adsorption by a-SiO2 at 23.8, 28.0, 30.6, and 34.6 °C 
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30.6, and 34.6 °C) to be included in the calculation.  The ln P versus T
-1 

plots for 

DMHP, DMMP, and TEP adsorption onto a-SiO2 are illustrated in Figures 2.16 – 

2.18, respectively.  The isosteric heats of adsorption for TEP, DMMP, and DMHP 

as calculated from Figures 2.16 – 2.18 and Equation 2.1 are listed in Table 2.3. 

 

Figure 2.16.  Ln P (from nBET Prediction) versus T
-1

 Plot for DMHP 

Adsorption onto a-SiO2 

 

Figure 2.17.  Ln P (from nBET Prediction) versus T
-1

 Plot for DMMP 

Adsorption onto a-SiO2 
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Figure 2.18.  Ln P (from nBET Prediction) versus T
-1

 Plot for TEP Adsorption 

onto a-SiO2 

 

Table 2.3.  Isosteric Heat of Adsorption for a-SiO2 Adsorption of OPs 

OP compound Isosteric heat of adsorption ± 1σ (kcal/mol) 

DMHP -2.97 ± 0.593 

DMMP -4.28 ± 0.543 

TEP -5.96 ± 0.073 

 

Considering the adsorption onto a-SiO2, the isosteric heat of adsorption is more 

negative for TEP as compared to DMMP, and more negative for DMMP as 

compared to DMHP.  These data indicate that TEP has a more favorable 

interaction with a-SiO2 as compared to either DMMP or DMHP.  For a particular 

class of compound with similar group contributions, the size of the molecule 

generally dictates its volatility.  The volatility, in turn, affects its desire to 

condense onto surfaces.  Larger gas molecules are less volatile and favor the 

sorbed phase in the absence of strong specific interactions (i.e. chemical reactions).  
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The relationship between the isosteric heat of adsorption and the sizes of the OP 

molecules are illustrated in Figure 2.19. 

 
Figure 2.19.  Variation in the Heat of Adsorption with Variation in Molecular 

Size (The errors represent ± 1σ) 
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reduced from that which was previously used by Bermudez
1
.  The optimized 

geometries for the interactions are illustrated in Figure 2.20. 

The interactions between the OPs and the surface hydroxyl groups of silica 

occurred through the phosphonyl O atom, as indicated by the dashed lines in 

Figure 2.20.  The interaction involved two –OH groups on the surface of the a-

SiO2 cluster.  In a previously published computational investigation of the 

adsorption of DMMP onto a larger a-SiO2 cluster (Si21O56H28), adsorption via two 

hydrogen bonds with the phosphonyl O atom was also observed; a heat of 

adsorption of -20.0 kcal/mol was reported for this interaction with DMMP
1
. 

To verify the validity of our reduced size a-SiO2 cluster and to compare these 

results to those obtained experimentally, the computational predictions for the heat 

of adsorption were calculated using Equation 2.2. 

                                                           (Equation 2.2) 

The heats of adsorption associated with the interactions are shown in Table 2.4. 

 DMMP DMHP 
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Figure 2.20.  Optimized Geometries for the Interaction of DMHP, DMMP, 

DMEP, DEEP, and TEP with Amorphous Silica as represented by the Dashed 

Lines 
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Table 2.4.  Calculated ΔHads for OP Adsorption on a-SiO2 

OP compound ΔHads (kcal/mol) 

DMHP -16.8 

DMMP -19.7 

DMEP -19.4 

DEEP -21.4 

TEP -21.7 
 

 

First, it should be noted that the heat of adsorption for DMMP is in excellent 

agreement with literature data
1
.  It should then be noted that the OP compounds in 

Table 2.4 were arranged according to increasing size (i.e. DMHP < DMMP < 

DMEP < DEEP < TEP).  As seen in Table 2.4, the heats of adsorption generally 

became more negative as molecular size increased.   

In comparison with the experimental results, the computational calculations 

accurately predicted the trend observed between the changes in the heat of 

adsorption with changes in molecular size.  However, the DFT calculation results 

were consistently more negative than the experimentally determined heats of 

adsorption determined at the OP adsorption value of 0.0001 g/mol.  The 

differences in energy values between the experimental and computational data may 

be attributed to surface heterogeneity.   

Surface heterogeneity results in energetic diversity.  In the case of a-SiO2, the 

interactions of OP compounds with less favorable geometries, including 

interaction via the methoxy O atom, as well as  interactions with different types of 
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–OH sites, the number of –OH sites involved in hydrogen-bonding, and interaction 

with adsorbed or pre-adsorbed molecules on the surface could contribute to 

energetic diversity.  For instance, the presence of pre-adsorbed water or adsorbed 

OP on the surface results in OP interaction with the surface bound water molecule 

or the surface bound OP.  These interactions would extend the distance between 

the OP molecule and the surface.  A less negative adsorption heat of adsorption 

associated with the interaction between the OP and the a-SiO2 surface would 

therefore be expected
180

. 

In the absence of two adjacent surface hydroxyl groups or in the event that the OP 

molecule is locally stabilized through interaction with one surface –OH, thus 

leading alkyl group to hinder the interaction with the second –OH, a different 

adsorption energy would also be expected.  The effects from the reduction of –OH 

sites involved in hydrogen bonding on the heats of adsorption were determined by 

DFT methods for the interaction of two example OPs, i.e. DMHP and DMEP.  The 

optimized geometries for interaction with one –OH site are illustrated in Figure 

2.21. 

The interaction of DMHP and DMEP with a single –OH site resulted in heats of 

adsorption of -12.7 kcal/mol and -13.9 kcal/mol, respectively.  Comparatively, 

these values are more positive (less negative) than the heats of adsorption of -16.8 

kcal/mol and -19.4 kcal/mol obtained for the same OP molecules when two surface 

–OH sites are involved in hydrogen bonding. 
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Figure 2.21.  Optimized Geometries for the Interaction of DMHP and DMEP for 

Interaction with a Single –OH Site (circled) as opposed to Interaction with a 

Second –OH sites (crossed) as well, as shown in Figure 2.20 

 

Interactions with different types of surface –OH sites also leads to less favorable 

interaction geometries, thus influencing the calculated thermochemical data.  As 

seen in the DFT study of DMMP adsorption by hydroxylated alumina, the heat of 

adsorption could range from -4.5 to -23.2 kcal/mol for interaction of DMMP with 

an OH bonded to a single surface Al to an OH bonded to three Al atoms, 

respectively
123

. 

Lastly, interaction with the methoxy O atom introduces a source of energetic 

diversity.  Bermudez
1
 investigated the less favorable adsorption between the 

surface hydroxyl groups and the methoxy O atoms, illustrated in Figure 2.2.  This 

interaction resulted in a less negative isosteric heat of adsorption of -13.6 kcal/mol 

(compared with -20 kcal/mol for interaction of the same cluster model with the 

phosphonyl O atom).   

DMHP DMEP 
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The temperature dependence of the adsorption isotherms (presented in the previous 

section) provided supporting evidence for the energetic diversities.  This 

hypothesis was further investigated using Raman spectroscopy. 

2.4.4 Energetic heterogeneity examined by Raman spectroscopy 

Raman spectra were obtained from a sample of amorphous silica subsequent to its 

exposure to DMMP in the experimental apparatus utilized for the adsorption 

isotherm measurements.  The Raman spectra of the sample before and after 

exposure to DMMP are illustrated in Figure 2.22.   

The exposure of amorphous silica to DMMP resulted in the formation of 

spectroscopic features associated with DMMP.  The results are compared with the 

Raman spectrum of DMMP from literature and the peaks are assigned in Table 

2.5
181

. 
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Figure 2.22.  Raman Spectra of Amorphous Silica before and after Exposure to 

DMMP 

 

Table 2.5. Peak Formation from Exposure of Amorphous Silica to DMMP and 

Comparison to the Raman Spectrum of Pure DMMP
181
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PC-H 2983 2990 7 

PC-H 2916 2924 8 

OC-H 2843 2849 6 
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occur. This interaction will lead to differences in the adsorption energies as 

compared to that which was predicted using the computational methods. 

2.5 Conclusions 

Quantitative evaluations of the experimental adsorption of DMHP, DMMP, and 

TEP by hydroxylated surfaces of amorphous silica were performed in this work.  

In summary, the experimental heats of adsorption for TEP (the largest OP), 

DMMP, and DMHP (the smallest OP) became more negative as the molecular size 

increased.  A more negative heat of adsorption is suggestive of a stronger 

interaction between the OP and the surface.   

Experimental results were compared with computational chemistry data obtained 

for the adsorption of OP compounds onto a-SiO2 to determine if the trends in 

adsorption energetics could be accurately predicted.  In general, DFT predictions 

of the heat of adsorption were the more negative for the larger of the five OPs 

investigated and the less negative for the smaller OPs.  The DFT results accurately 

predicted the trends observed in the changes in energetics deduced from the 

empirical data.  The magnitudes of the computationally determined heats of 

adsorption were offset from those obtained experimentally due to the surface 

heterogeneity which was not fully accounted for in the DFT studies.  Nevertheless, 

computational tools were shown to be valid for the purpose of comparative 

analysis when systems of similar chemistries are investigated.  It should also be 

noted that both the experimental and computationally determined heat of 

adsorptions fall into the range expected for physisorption, which is the observed 
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mechanism of adsorption in the experiments.  Based on these results, one could 

expect computational tools to reasonably allow for a comparative evaluation of the 

interactions of other OPs-oxide systems. 
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CHATPER 3 

THEORETICAL DETERMINATION OF THE ADSORPTION OF DMHP, 

DMMP, DMEP, DEEP, AND TEP ON m-ZrO2:  A COMPARATIVIE 

ANALYSIS TO γ-Al2O3 and a-SiO2 

3.1 Introduction 

Oxide materials have been well-known for their ability to interact with OPs and 

demonstrated promising characteristics for the control of OPs
1-35

.  Pure oxides that 

were reported to interact with OPs include Al2O3, TiO2, SiO2, WO3, Y2O3, CeO2, 

FeO, CuO, In2O3, SnO2, and MgO.  Recall that both physisorption and 

chemisorptions were reported for these oxides
38-71

.   

In the present work, the interactions between ZrO2 and OPs are investigated.  Five 

OPs of interest, including DMHP, DMMP, DMEP, DEEP, and TEP are studied.  

The interactions of the five OPs of interest with zirconia have not been reported in 

the available literature.  For this evaluation of zirconia, the thermodynamic heats 

of adsorption for OP interactions with zirconia are compared with adsorption by 

alumina and silica.  Alumina was chosen as an example of chemisorption whereas 

silica, investigated in the previous chapter, was chosen as example of 

physisorption.  It is hypothesized that zirconia has the potential to provide for the 

effective sorption of OP compounds in a manner that is superior to that of the silica 

surfaces due to the presence of Lewis acid sites and better bonding ability 

compared with the Lewis acid sites of alumina due to the surface charge of the 

zirconium ion when coordinated in the oxidized form.   
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Empirical data are available for the interactions of DMMP with both silica and 

alumina, as well as for the interactions of nitroaromatic OPs with zirconia
24,38-41,52-

54,118,119,120
.  However, qualitative and quantitative evaluations of the interaction 

not have been reported for any OPs studied in this work with zirconia.  Therefore, 

the mechanism of interaction, the strength of the interaction, as well as how 

zirconia’s performance compares to other oxides is unknown.  Computational 

chemistry investigations have been reported for the interactions of DMMP with 

silica and alumina
1,121,122,123

.  However, neither experimental nor computational 

chemistry investigations of the energetics of DMHP, DMEP, DEEP, and TEP 

interactions with silica or alumina have been published.  Hence, this work also 

extends the available database of information for silica and alumina, thereby 

enhancing the ability to develop structure response predictions for new OPs.  

In the previous chapter, the validity of computational chemistry methods for the 

purpose of comparative analysis was demonstrated since the DFT methods were 

able to accurately predict the experimental trends.  Therefore, computational 

chemistry methods are utilized for this evaluation of zirconia and theoretical 

models of alumina and zirconia clusters with identical sizes (i.e. same number of 

Lewis acid sites) are utilized for comparative analyses.  Zirconia can exist in three 

different phases (e.g. monoclinic, tetragonal, and cubic).  The monoclinic phase of 

zirconia (m-ZrO2) is investigated for its room temperature stability.  Alumina can 

also exist in different phases.  The transitional γ-alumina is investigated for its 

utility in catalysis.  Computational chemistry investigations have been reported for 
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the theoretical modeling of m-zirconia and γ-alumina.  The available literature 

studies are briefly reviewed in the following sections. 

 Theoretical modeling of zirconia 

Numerous computational studies have been published on the lattice dynamics of 

zirconia models
44-51

.  These models include hydroxylated and bare surfaces of 

various sizes (e.g. slabs and clusters) and phases (e.g. monoclinic, tetragonal, and 

cubic).  The availability of these well-studied models provides crucial information 

to the stability and the structure of zirconia.   

Among the literature on m-zirconia, predictions of phase stability and phase 

dynamics of zirconia have been examined using density functional theory (DFT).  

Kuwabara et al. performed lattice dynamic calculations for the phase stability of 

zirconia using DFT; bulk models of cubic, tetragonal, and monoclinic zirconia 

were examined
182

.  The bulk models, represented by supercells, were optimized 

and their respective lattice parameters were reported.  The lattice parameters for m-

zirconia, the phase of interest in this work, are shown in Table 3.1.  The authors 

also examined the phase transformation dynamics of zirconia and concluded that 

their results agreed with the experimental data and other 

calculations
183,184,185,186,187,188,189

.  

Christensen and Carter
7
 also investigated the phase stability for bulk zirconia, and 

in addition, the surface models of ZrO2 in the monoclinic, tetragonal, and the cubic 

phases. The optimized bulk structures were “cut” into 10 Å slabs for the 17 unique 

surfaces (i.e. 3 for cubic, 5 for tetragonal, 9 for monoclinic)
7
.  Energies were 
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calculated using DFT for each of these surfaces.  The (111) surfaces of m-zirconia, 

illustrated in Figure 3.1, was determined to be the most stable surface.  The authors 

concluded that the computational surface energies were in good agreement with 

empirical data. 

Table 3.1. Unit Cell Lattice Parameters for Monoclinic ZrO2 Model 

 

Property / parameter Kuwabara et al. 
182

 

Space Group Symmetry P21/c 

a (Å) 5.211 

b (Å) 5.286 

c (Å) 5.388 

α 90.0° 

β 99.590° 

γ 90.0° 

Zr (x, y, z) (0.277, 0.043, 0.210) 

O1 (x, y, z) (0.070, 0.336, 0.343) 

O2 (x, y, z) (0.450, 0.758, 0.478) 
 

 

 

 

Figure 3.1.  (111) Surface of Monoclinic ZrO2 obtained from Christensen and 

Carter
7
 viewed from two Different Angles 
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Theoretical modeling of alumina 

γ-Alumina is one of the intermediate phases in reaching the energetically favorable 

α-alumina.  γ-Alumina is thermodynamically less stable than the α form, but it has 

proven its prominence and utility in catalysis
190

.  Since γ-alumina is a transition 

alumina and does not exist in a single pure-crystal form, difficulties exist in 

resolving its structure by experimental methods
190

.  First principle methods have 

been utilized to propose possible structures for γ-alumina.  In general, a defective 

cubic spinel model
191

 and a non-spinel model
190

 have been proposed.   

The defective cubic spinel model is based on a spinel lattice, AB2O4, where A 

denotes a tetrahedral cation site, B denotes octahedral cation sites, oxygen atoms 

are fourfold coordinated, and vacancies are present to arrive at the stoichiometric 

Al2O3.  Mo et al.
192

 and Gutierrez et al.
193

 investigated different vacancy 

configurations which could exist in a bulk spinel model and concluded that Al 

vacancies at the octahedral sites yielded the most favorable structure.  Pinto et 

al.
191

 investigated the stability of bulk and surface models of the spinel γ-alumina; 

comparative evaluations of the (111), (001), (110), and (150) surfaces were 

presented.  Geometry optimization of the bulk model resulted in a unit cell 

described by the lattice parameters listed in Table 3.2.  In the model proposed by 

Pinto et al
191

, the Al vacancies were also located at the octahedral sites.  The 

surface slabs cut from the optimized bulk structure and first principle calculation 

indicated that the (111) and (001) surfaces were energetically favorable in the 

spinel model
191

. 
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The non-spinel model suggests several alternative crystal structures for γ-alumina.  

The Al are also located in octahedral or tetrahedral cation sites for the non-spinel 

model.  The oxygen atoms, however, are not limited to four-fold coordination.  

Several studies investigated bulk non-spinel γ-alumina models and arrived at a 

monoclinic or a tetragonal structure of the I41/amd space group symmetry with 

lattice parameters similar to those reported by Ching
190

, also listed in Table 

3.2
190,194,195,196

.  Bulk non-spinel models have also been investigated by 

computationally simulated dehydration of boehmite
197,198,199

.  Digne et al.
198

 

simulated the dehydration process and obtained a monoclinic non-spinel model 

described by the lattice parameters in Table 3.2. 

Sun et al.
200

 evaluated both spinel and non-spinel models and compared the models 

to XRD data.  Based on this comparison, the non-spinel model was found to be an 

inaccurate representation.  These remarks were rebutted by Digne et al.
199

 on the 

grounds that the commercial γ-alumina model referenced by Sun et al.
200

 was not 

well characterized as being strictly present as the γ-alumina form.  Paglia et al.
201

 

also rebutted the results of Sun et al.
200

 with similar remarks.  With these 

unresolved discrepancies, both models are still being utilized and referenced in 

currently published computational studies on the adsorption of molecules such as 

water and carbon monoxide onto γ-alumina. 
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Table 3.2. Unit Cell Lattice Parameters for γ-Al2O3 Model 

 

Property / 

parameter 

Spinel model Non-spinel model 

Pinto et al. 
191

 Ching et al. 
190

 Digne et al. 
198

 

Space Group 

Symmetry 

C2/m I41/amd P1 P21/m 

a (Å) 5.663 5.606 5.587 

b (Å) 5.663 5.570 8.413 

c (Å) 13.710 13.482 8.068 

α 90.6 89.4 90.0 

β 90.6 90.0 90.6 

γ 60.4 120.0 90.0 

 

3.2 Computational Details 

All calculations were performed with the Gaussian 03 computational package
129

.  

The geometries of each of the OPs and the surfaces were individually optimized.  

The OP-surface pairs were subsequently optimized with the optimized surface and 

the lowest energy conformer of the OPs as the starting structures.  Upon 

completing the geometry optimizations of the OPs, the surfaces, and the OP-

surface pairs, frequency calculations were performed to determine the 

thermodynamic parameters associated with their interactions. 

DMHP, DMMP, DMEP, DEEP, and TEP 

DMHP, DMMP, DMEP, DEEP, and TEP can exist as one of multiple low energy 

conformers
131,132,133,134,135

.  The lowest energy conformer was the focus of this 

work.  This study investigated the interaction of the alumina and zirconia surfaces 

with the most favorable conformer for each OP.  The geometries of DMHP, 

DMMP, DMEP, DEEP, and TEP were optimized using density functional theory 

(DFT) with the B3LYP functional and a 6-31G (d) basis set.  This functional and 

basis set have previously been utilized by Yang et al. to model DMMP
135

. 
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Zirconia 

The Zr Lewis acid site was the active site of interest in this study.  The most 

energetically favorable (111) surface
7
 of monoclinic zirconia was modeled.  A 2 x 

2 x 2 cell with unit cell lattice parameters that were listed in Table 3.2, as 

determined by Kuwabara et al
182

, were utilized to construct the cluster model of 

zirconia.   

The 2 x 2 x 2 cell was “cut” along the plane corresponding to the (111) Miller 

indices and excess atoms were removed to form a cluster model consisting of 8 Zr 

atoms and 16 oxygen atoms.  One of these Zr atoms was selected as the active site 

for adsorption.  The model was optimized using DFT with the B3LYP functional 

coupled with the LanL2DZ effective core pseudopotential (ECP) basis set.  

Previous work on Zr also utilized the LanL2DZ basis set
126,202,203,204,205,206,207,208

. 

Alumina 

Although there are controversies on the validity of the cubic spinel representation 

for γ-alumina, this model was chosen for the investigation of OP adsorption on 

alumina.  The cubic spinel model was utilized in computational studies of sarin 

and DMMP adsorption, and the results obtained in those studies were in agreement 

with experiments
121

.  

The Al Lewis acid site of γ-Al2O3 was the active site of interest in this study.  

Specifically, the active site located on the (111) surface of the model was 

investigated since the (111) surface is the most stable surface of γ-Al2O3
191

.  A 2 x 
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2 x 2 cell with the unit cell parameters obtained from Pinto et al.
191

 as listed in 

Table 3.2 was constructed.  The 2 x 2 x 2 cell was “cut” along the (111) plane and 

excess atoms were removed to obtain a cluster model consisting of 8 Al atoms and 

12 oxygen atoms.  Two of the 8 Al atoms are in the tetrahedral coordination, and 

one of these two Al atoms was used as the active site for OP interaction.  The 

geometry of the cluster model was optimized using DFT with B3LYP / 6-31G (d).  

Previous work by Bermudez et al. determined the validity of the computational 

method that was utilized 
121,122,123

.  

Energies 

Subsequent to the geometry optimization, the energies of the different surfaces (i.e. 

alumina, zirconia), OPs (i.e. DMHP, DMMP, DMEP, DEEP, and TEP), and 

surface-OP pairs were determined. The functional and basis sets that were utilized 

for the geometry optimizations of the surfaces were utilized for the single point 

energy calculations. 

3.3 Results and Discussion 

Geometries of DMHP, DMMP, DMEP, DEEP, and TEP 

The optimized structures for DMHP, DMMP, DMEP, DEEP, and TEP are 

illustrated in Figure 3.2.   
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 Figure 3.2.  Optimized Structures for DMHP, DMMP, DMEP, DEEP, and TEP 

 

DMMP was known to be a strong hydrogen-bonding base due to the oxygen atom 

of the phosphonyl group
84,26

.  The charges for the O atom of the phosphonyl 

groups were determined to provide insights on the basicity of the OPs; these 

charges are shown in Table 3.3.  The basicity of the OPs increased as the oxygen 

atom’s charge became more negative.  As seen in Table 3.3, DMHP was the least 

basic of the five OPs of interest and TEP was the most basic.  The trend in basicity 

was likely a result of the contribution of the alkyl (i.e. –R) and the alkoxy (i.e. –

OR) group; the larger –R and –OR altered the charge of the central P atom which 

in turn affected the charge of the phosphonyl O atom. 

  

DMHP

DMMP

DMEP

DEEP TEP
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Table 3.3.  Calculated Charge for the O Atom of the Phosphonyl Group (P=O) 

within the OP Molecule Studied 

OP molecule Charge of O atom of P=O 

DMHP -0.559 

DMMP -0.568 

DMEP -0.567 

DEEP -0.570 

TEP -0.591 
 

 

Geometries of m-Zr8O16 and γ-Al8O12 clusters 

Optimization of the zirconia and alumina surface resulted in numerous bond 

rotations and extensions.  The optimized zirconia and alumina cluster models are 

illustrated in Figures 3.3 and 3.4, respectively. 

The Al / O and the Zr / O arrangements in these cluster models were in agreement 

with existing literature
7, 121,191

. 

 

Figure 3.3.  Side Views of the Cluster Models for Monoclinic Zr8O16 before and 

after Optimization. The Energetically Favorable Plane (i.e. the (  11) plane) is 

Facing Upward.  The Lewis Acid Site is located on the Surface of Plane 

After Before
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Figure 3.4.  Side Views of the Cluster Models for γ-Al8O12 before and after 

Optimization.  The Energetically Favorable Plane (i.e. the (111) plane) is Facing 

Upward.  The Lewis Acid Site is located on the Surface of Plane 

 

Adsorption of OPs onto the monoclinic Zr8O16 cluster 

Interactions between the most stable (  11) surface of monoclinic zirconia and 

DMHP, DMMP, DMEP, DEEP, and TEP were investigated with DFT methods.  

The optimized Zr8O16 cluster, as illustrated in Figure 3.3, was utilized for the 

geometry optimization for the OP-zirconia pairs.  The optimized geometries for the 

interactions are illustrated in Figure 3.5 (the bond lengths and bond angles can be 

found in Tables A.4 – A.8 in the Appendix). 

 

After Before

DMMP DMHP 
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Figure 3.5.  Optimized Geometries for the Adsorption of DMHP, DMMP, DMEP, 

DEEP, and TEP on a Zr Lewis Acid Site located on the (  11) Surface of m-Zr8O16 

 

As seen in Figure 3.5, bond formation occurred when the computational surface of 

m-Zr8O16 was exposed to the OPs.  This bonding interaction occurred between the 

Zr Lewis acid site and the phosphonyl O atom of the OPs.  These results were 

indicative of strong chemisorption.  In the case of DEEP and TEP, it is notable that 

DEEP DMEP 

TEP 
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the ethyl group (i.e. –C2H5) of the ethoxy groups (i.e. -OC2O5) detached from the 

central phosphorous atom.  This suggested that dissociation could potentially occur 

on an equivalent experimental surface.   

To determine how interactions compared between the different OPs and how the 

m-Zr8O16 surface compared with other oxides (i.e. alumina and silica), quantitative 

indications of the strengths of the interactions (i.e.  heats of adsorption) were 

determined.  The heat of adsorption was determined by Equation 3.1, and 

calculated values for the OP interactions with m-Zr8O16 are provided in Table 3.4. 

                                                              (Equation 3.1) 

 

Table 3.4.  Calculated ΔHads for OP Adsorption on m-Zr8O16 

 

OP compound ΔHads (kcal/mol) 

DMHP -77.6 

DMMP -80.7 

DMEP -81.3 

DEEP* -83.4 

TEP* -80.6 

* all ethyl groups of the ethoxy groups detached after optimization 

 
 

The OP compounds were arranged in Table 3.4 in order of increasing size (i.e. 

DMHP < DMMP < DMEP < DEEP < TEP).  In general, the heat of adsorption 

became more negative as size increased, with the exception of TEP.  More 

negative heats of adsorption are associated with stronger interactions.  It is notable 
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that with the increase in molecular size, the OPs also became more basic, as 

evidenced by the charges of the O atoms that were shown in Table 3.3.  Variation 

in the strength of the interaction for TEP could have resulted from a reduction of 

the basicity of the phosphonyl O atom with the loss of the ethyl groups.  This 

reduction in basicity would lead to a weakening of the bond between the 

phosphonyl O atom and the surface Zr Lewis acid site. 

Comparison to adsorption of OPs onto γ-Al2O3 and a-SiO2 

The ability of zirconia to form strong interactions with the OPs (DMHP, DMMP, 

DMEP, DEEP, and TEP), has been demonstrated using computational chemistry 

methods.  To determine how the calculated strengths of interaction compare with 

those of other oxides (i.e. alumina and silica), an alumina cluster of equivalent size 

(i.e. same number of Lewis acid sites) was investigated.  A comparison to the 

previously determined computational work on silica was also performed. 

Interactions between the most stable (111) surface of γ-Al2O3 and DMHP, DMMP, 

DMEP, DEEP, and TEP were investigated using DFT methods.  The optimized 

Al8O12 cluster, as illustrated in Figure 3.4, was utilized for this study.  The 

optimized structures are illustrated in Figure 3.6 (bond lengths and bond angles are 

available in Tables A.4 – A.8 in the Appendix). 

Bonds were formed when the Al Lewis acid sites were exposed to DMHP, DMMP, 

DMEP, DEEP, and TEP.  This was in agreement with existing experimental and 

computational work on DMMP
121,122,123,38,41,40,24,39

.  Bond formation indicated that 

adsorption of the OP occured by a strong chemisorption route.  The interaction 
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strengths were quantitatively represented by the calculated heats of adsorption 

(using Equation 3.1), and the results are listed in Table 3.5. The data were 

subsequently compared to the data obtained using the zirconia surface.   

 

 

DMMP DMHP 

DEEP DMEP 
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Figure 3.6.  Optimized geometries for the adsorption of DMHP, DMMP, DMEP, 

DEEP, and TEP on an Al Lewis acid site located on the (111) surface of γ-Al2O3 

 

Bermudez
121,122

 investigated the adsorption of trichlorophosphine oxide (TCPO), 

trimethylphosphine oxide (TMPO), dimethyl methylphosphate (DMMP), and sarin 

onto the (111) surface of γ-Al2O3  .  Isosteric heats of adsorption of -56.1 kcal/mol 

and -57.5 kcal/mol were reported for the chemisorption of DMMP onto an Al8O12 

cluster (represented by the 6-31G(d) basis set) and an Al20O30 cluster (represented 

by the 6-31G(d) and 3-21G basis sets), respectively.  The result obtained in this 

study for DMMP interaction with the alumina surface was in good agreement.  A 

general trend of a more negative heat of adsorption with an increase in molecular 

size was also observed for alumina.  In comparison to the results obtained for OP 

interaction with zirconia, the heats of adsorption for interaction with the five OPs 

TEP
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of interest were consistently less negative for alumina.  This result suggested that 

zirconia formed stronger interactions with the OPs investigated in this work. 

Table 3.5.  Calculated ΔHads for OP Adsorption onto an Al8O12 cluster 

OP compound ΔHads (kcal/mol) 

DMHP -61.0 

DMMP -62.8 

DMEP -63.0 

DEEP -64.2 

TEP -64.1 
 

 

DFT predictions of the heats of adsorption for OP interactions with silica were 

investigated and reported in the previous chapter; the heats of adsorption obtained 

from our previous work are listed in Table 3.6.  In comparison to the results 

obtained for zirconia and alumina, the heats of adsorption for interactions with 

silica were the most positive.  The heats of adsorption for interactions with 

alumina were less positive as compared to silica, and the heats of adsorption for 

interactions with zirconia were the most negative among the three oxides.  In 

comparing the interactions of the OP compounds of interest in this work, i.e. 

DMHP, DMMP, DMEP, DEEP, and TEP, with zirconia, alumina, and silica, 

computational chemistry suggested that zirconia formed the strongest interactions. 

  



81 
 

Table 3.6.  Calculated ΔHads for OP Interactions with Silica 

OP compound ΔHads (kcal/mol) 

DMHP -16.8 

DMMP -19.7 

DMEP -19.4 

DEEP -21.4 

TEP -21.7 
 

 

In an attempt to explain the differences in interaction strengths, the charges for the 

active sites for the silica, alumina, and the zirconia cluster models were 

investigated.  The cluster models are shown with their charges in Figure 3.7.  The 

Zr and Al active sites had charges of 1.686 e and 1.102 e, respectively.  The two 

interacting –OH sites on silica had charges of 0.44 e and 0.43 e. 

 
m-Zr8O16

1.686 e
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Figure 3.7.  Illustration of the Charge Distribution on m-Zr8O16, γ-Al8O12, and a-

Si6O18H12 

 

The magnitude of the positive charge on the sites of interaction (marked with 

arrows in Figure 3.7) provided a measure of the site acidities of the surface 

interacting sites.  The computational modeling suggested that the Zr Lewis acid 

γ-Al8O12

1.102 e

a-Si6O18H12

+
0.440 e 0.430 e
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site was more acidic than the Al Lewis acid site or even the two bonding 

hydrogens of the a-SiO2 clusters (recall that OPs interact with a-SiO2 via hydrogen 

bonding through the surface -OH).  As previously mentioned, DMMP was known 

to be a strong hydrogen-bonding base, and the other OPs investigated in this study 

were similarly basic as shown by the charges listed in Table 3.3.  Since a strong 

hydrogen-bonding base favors interaction with a strong hydrogen-bonding acid, 

the interactions of OPs is suggested to be stronger (i.e. a more negative heat of 

adsorption exists) for the more acidic Zr Lewis acid site as compared to the Al 

sites or available acidic bonding sites on the a-SiO2 (quantification of the effects of 

the active sites’ acidities on the charge transfers between the sites and the OPs are 

in the Appendix).   

3.4 Conclusions 

The mechanisms of interaction of DMMP, DMEP, DEEP, and TEP adsorption 

onto zirconia were investigated.  A monoclinic zirconia cluster was constructed in 

this DFT study, and its interactions of the selected OPs with the m-ZrO2 surface 

were determined to occur between the phosphonyl O atom of the OPs and the Zr 

Lewis acid site of the surface.   

The heats of adsorption for the adsorption of OP by m-ZrO2 were also predicted by 

computational means in this study, and the result ranged from -77.6 to -83.4 

kcal/mol.  The heats of adsorption generally increased with an increase in the OP 

molecular size and suggested that a strong chemisorption process occurred upon 

interaction with the Zr Lewis acid site.  As with the SiO2 experimental system, the 
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absolute thermochemical data are expected to vary with surface hydroxylation. 

Nevertheless, computational tools were shown to be valid for the purpose of 

comparative analysis when systems of similar chemistries were investigated.   

Zirconia results were compared with the results obtained from OP interactions with 

both γ-alumina and a-silica.  Interactions of the OPs with zirconia consistently led 

to more negative heats of adsorption in comparison to the heats of adsorption for 

OP interaction with γ-alumina (also determined in this study) and for OP 

interaction with a-silica (determined in the previous chapter).  A more negative 

heat of adsorption is indicative of stronger interaction strengths, a desirable 

characteristic for the development of air pollution control technologies.  Moreover, 

some of the calculations suggested dissociative adsorption, thus indicating not only 

control but destruction of the OP compounds.  Based on these computational 

results, zirconia is suggested to be an effective sorbent material (among silica, 

alumina, and zirconia) for the control of OP compounds. 
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CHATPER 4 

SYNTHESIS AND APPLICATION OF m-ZrO2 FOR THE ADSORPTION 

OF OPs 

4.1 Introduction 

Monoclinic zirconia (m-zirconia or m-ZrO2) surfaces were pre-screened using 

computational tools in the previous chapter.  The OPs studied appeared to have a 

more favorable interaction with the m-ZrO2 surface as compared to γ-alumina and 

a-SiO2 surfaces.  In this work, the goal was to synthesize monoclinic zirconia while 

maximizing the surface area of the material.  A high surface area is advantageous 

in adsorption applications.   

Sol-gel methods, co-precipitation, and hydrothermal / solvothermal 

methods
209,210,211,212,213,8,214 

have been successfully used to synthesize monoclinic 

zirconia.  Sol-gel synthesis involves the hydrolysis and condensation reaction of 

zirconium alkoxide
209

, and resulted in the small particle size reported in the 

literature
209

.  For samples of the same mass, smaller particle sizes were associated 

with higher surface areas
209

.  This is an advantage to the use of a sol-gel synthesis 

method.  Pure phase monoclinic zirconia nanoparticles were obtained via sol-gel 

synthesis
209

; calcination at 1000°C following the synthesis induced the desired 

phase transformation from the tetragonal phase to the monoclinic phase.  Partciles 

of ~7nm with relatively high surface areas were reported
209

.  Drawbacks to this 

technique included the extreme sensitivity of zirconia to moisture during synthesis, 

and the cost and toxicity associated with some alkoxides
209,210

. 
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A co-precipitation technique was also explored as a suitable technique for the low 

cost, mass production of zirconia
211

.  An inexpensive zirconium salt such as 

zirconyl chloride is utilized for the synthesis of zirconia through co-precipitation 

methods.  Co-precipitation by the addition of sodium hydroxide or ammonium 

hydroxide to the dissolved zirconium salt was reported in the literature
211

.  An 

exchange reaction led to the formation of precipitates in the tetragonal phase
211

.  A 

calcination temperature of 1000°C was required to obtain pure monoclinic 

zirconia.  Large particles (~40 nm) of relatively low surface area were obtained 

from this technique
211, 212

. 

Hydrothermal synthesis of monoclinic zirconia
210,213

 was reported with the use of 

zirconyl chloride and zirconyl nitrate salt precursors.  The use of these salt 

precursors is favored since they are inexpensive and nontoxic
210

.  This technique 

involves the hydrolysis of the salt precursors at an elevated temperature, and could 

be coupled with the addition of solvents in the case of solvothermal syntheses.  Li 

et al.
210 

reported the synthesis of pure phase monoclinic zirconia by this technique 

in the presence of urea (resulting in neutral pH conditions). The synthesis products 

were calcined at 400°C and m-zirconia particles of ~6 nm with BET surface areas 

of 130 m
2
/g were obtained in their study.  Synthesis of pure phase monoclinic 

zirconia nanoparticles were also reported for hydrolysis of zirconyl chloride in 

water (resulting in acidic pH conditions) in the absence of other reactants
 213

.  An 

advantage to this technique is that calcination is not required to obtain the pure 

phase monoclinic zirconia materials.  As synthesized, particles of 4 nm in size with 

a BET surface area of 110 m
2
/g were reported

213
.  Numerous attempts to 
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synthesize zirconia by hydrolyzing zirconium salts under basic conditions through 

the  addition of ammonia were also reported
210

.  Although the tetragonal phase of 

zirconia is favored at these conditions, pure phase monoclinic zirconia could be 

obtained by calcining the material at temperatures between 700°C – 1000°C
213,8,214

.  

However, similar to the other techniques that resulted in the initial formation of 

tetragonal zirconia, a high calcination temperature was required to generate the m-

zirconia.  This enhanced calcinations temperature resulted in an increased particle 

size and reduced surface area (e.g. to reported values of 40 – 60 m
2
/g)

213, 214
. 

Based on these advantages and disadvantages discussed in the existing literature, a 

hydrothermal method was chosen to produce monoclinic zirconia.  Syntheses 

under both acidic and neutral conditions were achieved in this work.  Synthesis 

under basic conditions (by the addition of ammonia) was not investigated in this 

work since the formation of the desired monoclinic phase was previously shown to 

be unfavorable 
213-214

.  The acidic and neutral conditions were achieved through 

exclusion and inclusion of urea, respectively.  This investigation provides a 

preliminary investigation on the optimization of the hydrothermal synthesis of m-

ZrO2 nanoparticles by characterizing the effects of various calcination conditions.  

This work also presents a first investigation on the experimental adsorption of the 

OPs of interest, including dimethyl phosphite (DMHP), dimethyl 

methylphosphonate (DMMP), diethyl ethylphosphonate (DEEP), and triethyl 

phosphate (TEP), by m-ZrO2. 
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4.2 Experimental Details 

Synthesis and Characterization of Monoclinic Zirconia 

Monoclinic zirconia precipitates were synthesized by hydrothermal methods using 

zirconyl chloride both in the presence and absence of urea.  Zirconyl chloride 

octahydrate of 98% purity and urea of 99.5% purity were obtained from Sigma-

Aldrich.  Zirconyl chloride (0.4 M), and urea (4 M) for samples synthesized in the 

presence of urea, were dissolved in nanopure water and heated in a pressure vessel 

at 160°C for 24 hours.  The starting concentration and reaction time were 

determined from published literature
210

.  The resulting precipitates were 

centrifuged and dried at 80°C overnight.  The dried precipitates were analyzed 

with dynamic thermal analysis to determine the calcination temperature necessary 

to induce phase transition.  The samples were calcined at various conditions and 

characterized. 

Characteristics of interest included the surface area of the samples, the crystallinity 

of the samples, and the bulk properties of the sample.  The surface areas of the 

samples were determined by BET analysis of N2 isotherm measurements at 77 K 

(Micromeritics Tristar II 3020 surface area and porosity system).  The 

measurements were taken immediately after calcination of the samples.  The 

samples were also probed with X-ray diffraction and Raman spectroscopy for the 

crystallinity and the bulk properties, respectively.  X-ray diffraction measurements 

were taken for 2θ values from 15° to 80° at a resolution of 0.2° on a diffractometer 

equipped with a CuKα source (Siemens D5000 powder x-ray diffractometer).  
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Raman spectra were recorded for frequencies between 50 cm
-1 

to 1150 cm
-1

 at a 

resolution of 1 cm
-1

 on a spectrometer equipped with a 100 mW Compass 532 nm 

laser. 

The morphology of the sample prepared with the chosen calcination condition was 

also of interest and scanning electron microscopy (SEM) was utilized.  The sample 

was gold-coated and analyzed with a beam acceleration voltage of 7.5 kV. 

Characterization of Sample Interactions with the Pure Component Gaseous OPs 

Qualitative and quantitative characterizations were performed to determine the 

mechanism of interaction and the strength of the interaction between the samples 

and the pure component gaseous OPs (in the absence of other atmospheric 

constituents).  The mechanism of interaction between the OP compounds, dimethyl 

phosphite (DMHP), dimethyl methylphosphonate (DMMP), diethyl 

ethylphosphonate (DEEP), and triethylphosphonate (TEP), and the zirconia 

samples were investigated by Raman spectroscopy (resolution of 1 cm
-1

 on Raman 

spectrometer equipped with a 100 mW Compass 532 nm laser).  The zirconia 

samples were exposed to the gaseous OPs utilizing the adsorption apparatus 

detailed in Chapter 2, and analyzed subsequent to the exposures.  The samples 

were exposed to the atmosphere after the OP exposure and while the 

measurements were made.  Raman spectra were obtained for frequencies between 

50 cm
-1

 to 4000 cm
-1 

before and after the zirconia was exposed to the OPs.  Five 

accumulative (i.e. co-added) scans were taken for an exposure time of 10 seconds 

per scan to differentiate between adsorbed OPs and artifacts from the measurement 
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(i.e. intensities of the peaks associated with the adsorbed OP increases during the 

five accumulative scans whereas signal intensities does not accumulate for artifacts 

in the measurements). 

The strengths of the interaction between the zirconia samples and DMHP, DMMP, 

and TEP were also determined using the apparatus and the method described in 

Chapter 2.  In brief, adsorption isotherm measurements were taken using a static 

volumetric method and measurements were recorded at four temperatures between 

23.8°C and 34.6°C.  Samples of approximately 0.10 g were loaded into a custom 

made Pyrex cell, evacuated at 105°C for 45 minutes, and exposed to doses of 

gaseous OPs, generated from purified liquid OPs, up to the saturation vapor 

pressures.  The adsorption isotherms were compared with isotherm models to 

obtain a continuous representation of the experimental data, and adsorption 

isosteres were constructed based on the model representations.  The heats of 

adsorption associated with the interaction between the samples and the OPs were 

determined from the adsorption isosteres using Equation 4.1, 

      
    

  
 

 
 
 
 

 (Equation 4.1) 

where R is the gas constant, P is the pressure of the OP exposed to the sample, T is 

the absolute temperature at which the measurements were taken, and N 

corresponds to the amount of gas that is adsorbed onto the sorbent at equilibrium 

(i.e. negligible changes in pressure, specifically, the change in pressure, ΔP, per 

hour was less than the gauge resolution). 
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Characterization of Sample Interactions with Gaseous DMMP and Air Mixtures 

The performance of the sample for the application of OP pollution control was 

determined by testing the ability of the sample to adsorb a low concentration of 

DMMP from a DMMP and air mixture (i.e. in the presence of atmospheric 

constituents) in a flow system.  Gas samples of air and DMMP (~45 parts per 

million, ppm) were generated by flowing air over 10 μL of liquid DMMP into a 

Tedlar bag.  Mild heat was applied, with a heat gun, to warm an injection port 

where liquid DMMP was introduced to assist in the volatilization of the liquid 

DMMP.  The gas mixture was then pumped from the Tedlar bag through an 

enclosed flow tube containing the sample at approximately 2.5 L/min for 5 

minutes.  Subsequent to exposure to the gaseous DMMP and air mixture in the 

flow tube, a portion of the sample was analyzed with thermal gravimetric analysis 

(Setaram TG92 TGA at LeRoy Eyring Center for Solid State Science) up to 700°C 

at 10°C / minute and the mass loss was compared with that from a sample which 

was not exposed to the mixture.  The resolution of the TGA system is 1 μg.  

Another portion of the sample was placed in a programmable furnace in a vacuum 

system, after the exposure to the gaseous DMMP and air mixture, and residual gas 

analysis (Stanford Research System SRS 200 RGA at LeRoy Eyring Center for 

Solid State Science) was employed to obtain mass spectra up to 130 m/z which 

were utilized to identify the desorbents from the sample.  The sensitivity of the 

RGA instrument is on the order of 10
-10

 Torr. 
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4.3 Results and Discussions 

Characterization of Monoclinic Zirconia 

Zirconia precipitates were prepared hydrothermally at 160°C with starting 

concentrations of 0.4 M zirconyl chloride, and 4 M urea for samples synthesized in 

the presence of urea.  For samples synthesized in the absence of urea, the 

precipitates were soluble in the resulting liquid and were not centrifuged before 

drying.  The precipitates obtained in the presence of urea were insoluble in the 

resulting liquid and allowed for centrifugation and removal of the resulting liquid 

prior to drying.  Both of the dried precipitates were calcined under the same 

conditions (i.e. 400°C for 4h in an O2 environment) and their BET surface areas 

were analyzed by N2 adsorption analysis before and after calcination for 

comparison.  For samples obtained subsequent to drying (i.e. before calcination), a 

higher BET surface area (i.e. 163.44 ± 0.53 m
2
/g) was obtained for the precipitates 

prepared in the presence of urea as compared with the precipitates obtained in the 

absence of urea (i.e. BET surface area of 104.09 ± 0.52 m
2
/g).  Subsequent to 

calcination, decreases in the surface areas were observed for both samples, with a 

higher surface area (i.e. 115.62 ± 0.36 m
2
/g) for the zirconia sample prepared in the 

presence of urea as compared with the sample prepared in the absence of urea (i.e. 

BET surface area of 86.85 ± 0.36 m
2
/g).  A higher surface area is desirable for the 

adsorption of gases and hence, further evaluations were performed only with the 

precipitates obtained in the presence of urea. 
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Additional calcination conditions were evaluated for the precipitates synthesized in 

the presence of urea.  Four samples of precipitates were calcined under flowing O2 

at 400°C for 90h, at 400°C for 4h, and at 300°C for 4h, and in 2000 psi of O2 at 

100°C for 24h, respectively.  The flowing O2 environment was chosen to assist 

with the removal of impurities that might be present in the samples and to provide 

an oxygen rich environment which is favorable for the formation of the monoclinic 

phase 
215

.  The calcination temperature of 400°C was utilized as a comparison to 

the reference literature 
210

.  The calcination temperature of 300°C was chosen to 

enhance the surface area of the sample.  Lower temperatures were not utilized 

under flowing O2 because of the result obtained from the dynamic thermal 

analysis. In brief, a dynamic thermal analysis was performed on the dried 

precipitates up to 400°C, and the heat flow in and out of the sample was 

monitored.  At ~250°C, a thermal signal was observed, which suggested this as the 

minimum temperature for phase transition to occur.  However, 100°C was utilized 

in combination with 2000 psi of O2 as the high pressure could potentially be an 

alternative driving force for phase transition.  The calcined samples and two 

uncalcined samples were characterized with BET N2 analysis.  The BET surface 

areas and their standard errors are listed in Table 4.1. 

Table 4.1.  BET Surface Areas of Calcined and Uncalcined Samples 

Calcination Condition BET Surface Area (m
2
/g) 

Uncalcined sample 1 163.44 ± 0.53 

Uncalcined sample 2 170.35 ± 0.68 

400°C for 90h in flowing O2 54.32 ± 0.07 

400°C for 4h in flowing O2 115.62 ± 0.36 

300°C for 4h in flowing O2 136.61 ± 0.36 

100°C for 24h in 2000 psi O2 119.16 ± 0.30 
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The surface areas of two uncalcined samples prepared under identical conditions 

were measured to obtain the error of imprecision from the BET N2 adsorption 

isotherm measurements.  The difference between the two surface area 

measurements was 6.91 m
2
/g and will be denoted as the random experimental error 

for this discussion.  For all of the samples, calcination resulted in a loss of 

available surface area (SA), as expected.  For the samples calcined in flowing O2, 

surface area decreased with increase in calcinations time and temperature, also as 

expected.  The sample calcined at 300°C for 4h in flowing O2 resulted in an 

enhancement of surface area, as desired, compared with the samples calcined at 

400°C.  The samples calcined at 400°C for 4h in flowing O2 and at 100°C for 24h 

in 2000 psi O2 were comparable in surface area when accounting for the random 

experimental error.  The combination of reduced temperature and elevated pressure 

did not lead to an enhancement of surface area as desired.  Based on these results, 

the sample calcined at 300°C for 4h in flowing O2 is superior when considering 

surface area.  However, the crystallinities of the samples should also be taken into 

account. 

The crystallinities of the samples were probed with X-ray diffraction (XRD).  The 

results were compared with a reference spectrum
8
 of monoclinic zirconia shown in 

Figure 4.1.  XRD spectra from this work are shown in Figure 4.2.  In summary, all 

of the samples including the uncalcined samples diffracted x-ray at the same 2θ 

values as the reference spectrum for monoclinic zirconia (verification of the 

purities of the samples is subsequently discussed).  The samples, however, did vary 

in their degrees of crystallinity.  In general, crystallinity increased with the 
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increase in calcination time and temperature for the samples calcined under 

flowing O2.  For the sample calcined in 2000 psi of O2 at 100°C for 24h, the 

crystallinity of the sample was comparable to the sample calcined at 300°C for 4h. 

The synthesis of a high surface area monoclinic zirconia, which is characterized by 

an abundance of the (  11) surface, was the goal of this work.  Hence, the XRD 

spectra were further evaluated at the 2θ value of 28.2° which corresponds to the 

(  11) crystal plane.  In Figure 4.2, the peaks for the (  11) crystal plane are 

indicated by an arrow.  Taking both surface area and crystallinity into account, the 

sample calcined at 400°C for 4h was determined to be superior to the other 

samples prepared under other calcinations conditions due to its prominence of the 

(  11) crystal plane and its reasonable surface area. 

 

Figure 4.1.  Reference Spectrum of Monoclinic Zirconia
8
 

Raman spectroscopy was also performed to confirm that impurities were not 

present in the synthesized samples.  Raman spectra of the samples are shown in 

Figure 4.3.  The peaks observed in Figure 4.3 were identified as listed in Table 4.2.  

It is noted that all peaks observed in the Raman spectra shown in Figure 4.3 

corresponded to Raman active modes of monoclinic zirconia (refer to Table 4.2).  

Hence, it can be concluded that the samples did not contain impurities. 
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Figure 4.2.  XRD Spectra of Zirconia Precipitates (a) before Calcination, and after 

Calcinations at (b) 300°C for 4h, (c) 100°C for 24h in 2000 psi of O2, (d) 400°C 

for 4h, and (e) 400°C for 90h 

15 20 25 30 35 40 45 50 55 60 65 70 75 80
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Figure 4.3.  Raman Spectra of Zirconia Precipitates (a) before Calcinations and 

after Calcinations at (b) 300°C for 4h, (c) 100°C for 24h in 2000 psi of O2, (d) 

400°C for 4h, and (e) 400°C for 90h 

50 150 250 350 450 550 650 750 850 950 1050 1150
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Based on the surface area measurements, the X-ray diffraction results, and the 

Raman spectra, the samples calcined at 400°C for 4h in flowing O2 were deemed 

to be superior in surface area and in crystallinity.  The morphology of a sample 

prepared under these optimal conditions was characterized.  An SEM image of the 

sample is shown in Figure 4.4.  

 

Figure 4.4. SEM Image of Zirconia Nanoparticles synthesized in the Presence of 

Urea and calcined at 400°C for 4h in Flowing O2 

 

As seen in Figure 4.4, nanoparticles (NPs) with primary particle diameters of ~37 

nm resulted from the hydrothermal synthesis of zirconia in the presence of urea 

when calcined at the optimal condition (i.e. 400°C for 4h in flowing O2).  

Dynamic light scattering (DLS) was also utilized to verify the particle size and the 

results indicated primary particles of 34 ± 6 nm and larger agglomerates of 175 ± 

39 nm and 796 ± 145 nm where the error represented 1σ.  In comparison to the 

37.1 nm
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reference literature
210

, the nanoparticles obtained in this work were ~30 nm larger 

in diameter.  The surface areas of the nanoparticles, however, were comparable.  

This suggested that internal pore structures were present and could be accountable 

for the available surface area.  A porosity measurement (determined by BET N2 

adsorption analysis on the Micromeritics Tristar II 3020 surface area and porosity 

system) was performed on the same sample and the result indicated the presence 

of mesopores of ~10 nm in diameter. 

Mechanism of Interactions between m-ZrO2 NPs and the OPs 

Based on the material characterization results, samples calcined at 400°C for 4h in 

flowing O2 were utilized for the organophosphorus (OPs) interaction studies.  The 

interactions between four OP compounds, dimethyl phosphite (DMHP), dimethyl 

methylphosphonate (DMMP), diethyl ethylphosphonate (DEEP), triethyl 

phosphate (TEP), and the monoclinic zirconia nanoparticles were probed using 

Raman spectroscopy.  Raman spectra of the monoclinic zirconia samples before 

and after exposure to the OPs are shown in Figures 4.5-4.8. 

Exposure of the zirconia samples to the four OPs resulted in multiple peak 

formations.  The spectra were compared with spectra obtained from liquid 

DMHP, DMMP, DEEP, and TEP and the identifiable peaks were assigned to their 

respective bonds as listed in Table 4.3-4.6.  For comparison, peak formations 

observed for silica and alumina are also listed.  The Raman spectra of the OPs and 

spectra of silica and alumina before and after OP exposures are in the Appendix. 



101 
 

 

 

Figure 4.5.  Raman Spectra of ZrO2 (a) before and (b) after Exposure to DMHP 
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Figure 4.6.  Raman Spectra of ZrO2 (a) before and (b) after Exposure to DMMP 
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Figure 4.7.  Raman Spectra of ZrO2 (a) before and (b) after Exposure to DEEP 
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Figure 4.8.  Raman Spectra of ZrO2 (a) before and (b) after Exposure to TEP   
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Table 4.3.  Peak Assignment for the Raman Spectra of Silica, Alumina, and 

Zirconia Samples subsequent to DMHP Exposure 

 

DMHP SiO2 Al2O3 ZrO2 

peak assignment peak peak peak 

746 P-O-C 

  

749 

979 P(V) 973 

  1033 P-H 

  

989 

1062 C-O 

  

1075 

1166 C-H 

  

1178 

1249 P=O 

  

1240 

1445 C-H 

  

1454 

2422 P-H 

  

2438 

2844 OC-H 

 

2851 2844 

2919 C-H 2921 2926 

 2946 C-H 2941 2953 2948 

2990 C-H 

  

3010 

 

 

Table 4.4.  Peak Assignment for the Raman Spectra of Silica, Alumina, and 

Zirconia Samples subsequent to DMMP Exposure 

 

DMMP SiO2 Al2O3 ZrO2 

peak assignment peak peak peak 

700 P-C 

  

707 

779 P-O-C 

  

782 

808 O-P-O 

  

821 

883 P-O-C 

  

889 

 

P(V) 970 

  1043 C-O 

  

1056 

1169 C-H 

  

1175 

1231 P=O 

  

1222 

 

C-H 

  

1314 

1412 C-H 

  

1409 

1460 C-H 

  

1448 

2844 OC-H 2849 2851 2844 

2916 C-H 2924 2926 2916 

2946 C-H 2953 2956 2948 

2983 C-H 2990 

 

2990 
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Table 4.5.  Peak Assignment for the Raman Spectra of Silica, Alumina, and 

Zirconia Samples subsequent to DEEP Exposure 

 

DEEP SiO2 Al2O3 ZrO2 

peak assignment peak peak peak 

687 P-C 

  

684 

730 P-C 

  

733 

789 P-O-C 

  

786 

973 P(V) 

  

973 

1030 P-O-C 

  

1027 

1090 C-O 

  

1087 

1215 C-H 

  

1212 

1277 P=O 

  

1274 

1403 C-H 1406 

 

1397 

1448 C-H 

  

1445 

2714 OC-H 

  

2714 

2760 OC-H 

  

2763 

2879 OC-H 2849 2849 

 2921 C-H 2926 2921 2921 

2966 C-H 2953 2951 2966 

 

C-H 2998 2998 

  

 

Table 4.6.  Peak Assignment for the Raman Spectra of Silica, Alumina, and 

Zirconia Samples subsequent to TEP Exposure 

 

TEP SiO2 Al2O3 ZrO2 

peak assignment peak peak peak 

726 P-O-C 

  

723 

1037 C-O 

  

1090 

1277 P=O 

  

1268 

1445 C-H 

  

1439 

2714 OC-H 

  

2714 

2765 OC-H 

  

2765 

2869 OC-H 2851 2849 2866 

2926 C-H 2924 2924 2926 

2973 C-H 2951 2956 2966 

 

 

Based on the peak assignment listed in Tables 4.3-4.6, it was notable that the 

peaks associated with the P-O-C and the P=O bonds were present in the spectra.  



107 
 

This suggested that dissociation of the OPs did not occur on the monoclinic 

zirconia samples, which could be indicative of a weaker interaction.  The peaks 

associated with the P-O-C bond and the P=O bonds are further examined to 

determine the potential mechanisms of interaction (i.e. bonding with phosphonyl 

O atom, O of P=O, and/or bonding with the alkoxy O atom, O of P-OR) with the 

zirconia nanoparticles. Shifts in the frequencies of the peaks corresponding to the 

P-O-C, O-P-O, OC-H, and the P=O bonds are indicative of interaction.   

For DMHP, DMMP, and DEEP, 3 cm
-1

 shifts (greater than the detector resolution 

of 1 cm
-1

) were observed for the peaks associated with the P-O-C bond and 3 to 9 

cm
-1

 shifts were observed for the peaks associated with the P=O bond.  For 

DEEP, a 3 cm
-1

 shift was also observed for the OC-H bond.  These results were 

indicative of interactions with the OPs through both the phosphonyl O atom (O of 

P=O) and the alkoxy O atom (O of P-OR).  For TEP, shifts of 3, 2, and 2 cm
-1

 

were observed, respectively, for three peaks associated with OC-H bonds, hence 

suggesting that the alkoxy O atom was involved in the interaction with the 

zirconia sample.  Conclusions cannot be drawn for interaction through the P=O 

bond for TEP with the lack of a reference frequency (the peak for P=O bond of 

TEP was obscured in TEP’s Raman spectrum, see Appendix).   

In summary, the interactions of DMHP, DMMP, DEEP, and TEP occurred 

through non-dissociative interactions with the monoclinic zirconia samples 

synthesized in this work.  Therefore, a static volumetric pressure based isotherm 

apparatus could be utilized for isotherm measurements.  However, note that 

DEEP was previously identified, in Chapter 2, as a challenging (i.e. exceptionally 
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low vapor pressure) compound to measure adsorption isotherm data for with the 

apparatus used in this work.  Hence, only the three OPs, DMHP, DMMP, and 

TEP were evaluated for their heat of adsorption.  Based on the Raman 

spectroscopy results, varying magnitudes for the experimental heats of adsorption 

could be expected from these measurements due to the two different interaction 

mechanisms (i.e. interactions with O of P=O and O of P-OR). 

Heat of Adsorption for OP uptake onto m-ZrO2 particles 

As previously discussed in Chapter 2, the temperature dependence of the 

adsorption isotherm provides a measure of the heat of adsorption.  Thus, 

adsorption isotherm data were first collected.  Monoclinic zirconia samples were 

exposed to single-component gas samples of DMHP, DMMP, and TEP at 23.8, 

28.0, 30.6, and 34.6 °C.  Adsorption measurements were made for gas sample 

pressures, P, between 0 Torr and the average vapor pressure of the OPs, P
o
 (i.e. 

between relative pressure, x =P/ P
o
, from 0 to 1).  Adsorption of the OP onto 

monoclinic zirconia, N, was correlated from the pressure measurement using the 

ideal gas law.  The experimental results for DMHP, DMMP, TEP, and 

comparisons of the experimental results to four adsorption isotherm models (i.e. 

Langmuir (L), Freundlich (F), Generalized Langmuir (GL), and Langmuir-

Freundlich (LF)) are illustrated in Figures 4.9 - 4.11.  The errors in Figures 4.9 – 

4.11 represent both the systematic errors associated with the resolution of the 

instrument and the imprecision of the measurements (±1σ).  Note that some of the 

error bars are smaller than the symbols in the Figures 4.9 – 4.11; however, errors 

were characterized for all collected data. 
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Figure 4.9.  Adsorption of DMHP (●) by m-ZrO2 at 23.8°C (top left), 28.0°C (top 

right), 30.6°C (bottom left), and 34.6°C (bottom right) as compared with the L 

( ), the F ( ), the GL ( ), and the LF ( ) Models 
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Figure 4.10.  Adsorption of DMMP (●) by m-ZrO2 at 23.8°C (top left), 28.0°C 

(top right), 30.6°C (bottom left), and 34.6°C (bottom right) as compared with the 

L ( ), the F ( ), the GL ( ), and the LF ( ) Models 
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Figure 4.11.  Adsorption of TEP (●) by m-ZrO2 at 23.8°C (top left), 28.0°C (top 

right), 30.6°C (bottom left), and 34.6°C (bottom right) as compared with the L 

( ), the F ( ), the GL ( ), and the LF ( ) Models 
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could be attributed to the presence of pores in the sample.  First, the limited 

volume in the pores could limit multiple layers of adsorbents from interacting 

with the pore surface.  Additionally, one can also expect limited adsorption in the 

pores due to a diffusion limitation.  Recall that the equilibrium point was defined 

as the point where the change in pressure, ΔP, per hour was less than the gauge 

resolution.  Hence, the measurements taken could correspond to a meta-stable 

state of adsorption.  Nevertheless, the measurements reflected an environmentally 

representative scenario where the interaction time between the adsorbates and the 

adsorbent can be expected to be less than one hour if natural convection 

mechanism (e.g. wind) was present.  For the purpose of this discussion, 

achievement of equilibrium, though possibly meta-stable, was assumed. 

To obtain a continuous representation of the experimental data for any value of 

the relative pressure, x, the results were compared with the isotherm models listed 

in Table 4.7.   

Table 4.7.  Monolayer Adsorption Isotherm Models 

 

Isotherm model Model equation
170,171,172

 

Langmuir 
      

  

    
 

Freundlich 
       

  

    
 
 

 

Generalized Langmuir 

        
     

       
 

 
 

 

Langmuir Freundlich 
     

     

       
 

 

These isotherm models are representative of monolayer adsorption.  In Table 4.7, 

the adsorbed amount, N, is related to the monolayer capacity, am, the adsorption 
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constant, K, the adsorption behavior as P approaches infinity, n, the adsorption 

behavior as P approaches zero, m, and the equilibrium sorbate pressure, P, in 

these monolayer adsorption isotherm models.  The 2-parameter Langmuir (L) 

model assumes energetic homogeneity, whereas the 3-parameter Freundlich (F) 

model, the 3-parameter Langmuir-Freundlich (LF) model, and the 4-parameter 

Generalized Langmuir (GL) model account for varying distributions of energetic 

heterogeneity. 

As illustrated in Figure 4.9 – 4.11, the 2-parameter Langmuir (L) model and the 

3-parameter Freundlich (F) model failed to describe all of the experimental 

results; whereas the 3-parameter Langmuir Freundlich (LF) model and the 4-

parameter Generalized Langmuir (GL) models were comparable in efficacy 

within the uncertainty of the measurements.  Further discussions for DMHP, 

DMMP, and TEP utilize the Langmuir Freundlich (LF) model predictions since 

these model predictions provide continuous representations of the experimentally 

determined relationships between OP adsorption, N, and relative pressure of the 

OP, x, using a minimal number of parameters. 

The temperature dependencies of adsorption, N, for DMHP, DMMP, and TEP, 

are represented by the Langmuir Freundlich predictions as shown in Figures 4.12 

– 4.14, respectively. 
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Figure 4.12.  Temperature Dependency of DMHP Adsorption, N, as represented 

by Langmuir Freundlich Predictions for Adsorption by m-ZrO2 at 23.8, 28.0, 

30.6, and 34.6 °C 

 

Figure 4.13.  Temperature Dependency of DMMP Adsorption, N, as represented 

by Langmuir Freundlich Predictions for Adsorption by m-ZrO2 at 23.8, 28.0, 

30.6, and 34.6 °C 
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Figure 4.14.  Temperature Dependency of TEP Adsorption, N, as represented by 

Langmuir Freundlich Predictions for Adsorption by m-ZrO2 at 23.8, 28.0, 30.6, 

and 34.6 °C 
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for N.  A value of 5 x 10
-7

 moles of OPs adsorbed / m
2
 was chosen for N to 

incorporate all of the adsorption isotherm data in the calculation.  The ln P versus 

T
-1 

plots for DMHP, DMMP, and TEP adsorption onto m-ZrO2 are illustrated in 

Figures 4.15 – 4.17, respectively. 

 

Figure 4.15.  Ln P (from Langmuir Freundlich Prediction) versus T
-1

 Plot for 

DMHP Adsorption onto m-ZrO2. 

 

Figure 4.16.  Ln P (from Langmuir Freundlich Prediction) versus T
-1

 Plot for 

DMMP Adsorption onto m-ZrO2 
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Figure 4.17.  Ln P (from Langmuir Freundlich Prediction) versus T
-1

 Plot for TEP 

Adsorption onto m-ZrO2 

 

The isosteric heats of adsorption for TEP, DMMP, and DMHP as calculated from 

Figures 4.15 – 4.17 and the Clausius-Clapeyron equation are listed in Table 4.8. 

Table 4.8.  Isosteric Heat of Adsorption for m-ZrO2 Adsorption of OPs at N = 

5x10
-7 

mole of OPs adsorbed / m
2
 

OP compound Isosteric heat of adsorption ± 1σ (kcal/mol) 

DMHP -7.96 ± 3.19 

DMMP -10.8 ± 3.10 

TEP -16.9 ± 1.48 

 

Considering the adsorption onto m-ZrO2, the isosteric heat of adsorption was 

more negative for TEP as compared to DMMP, and more negative for DMMP as 
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compared to DMHP.  These data indicated that TEP has a stronger interaction 

with m-ZrO2 as compared to either DMMP or DMHP.   

For comparison, the a-SiO2 isotherm data presented in Chapter 2 were normalized 

by its respective surface area and the isosteric heats of adsorption were 

recalculated at the same N value.  For all three OP compounds, the isosteric heats 

of adsorption were more negative (stronger interaction) for m-ZrO2 as compared 

with adsorption onto a-SiO2 (ΔHads between -4.94 ± 0.47 to -5.99 ± 0.08 

kcal/mol).  This trend between m-ZrO2 and a-SiO2 was in agreement with the 

computational predictions presented in Chapter 3. 

It is notable that although the trend is in agreement with the computational 

predictions, the magnitude of the heat of adsorption for m-ZrO2 adsorption of the 

OPs differed from the results of the DFT study.  This difference was also 

observed for a-SiO2, and as mentioned in Chapter 2, and it was a result of 

energetic heterogeneity.  In the case of m-ZrO2, interactions between the OPs and 

any surface bound water (e.g. associated in the form of H2O or dissociated in the 

form of -OH) and other less favorable interactions (i.e. interaction via methoxy O 

or interaction with other active sites) could serve as sources of discrepancies.  

Energetic heterogeneity from the presence of water will be subsequently 

discussed.  Nevertheless, monoclinic zirconia nanoparticles were shown to be able 

to adsorb OPs in this first experimental evaluation of the material. 
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TGA / RGA analysis of m-ZrO2 for DMMP Adsorption from an Air Mixture 

The monoclinic zirconia nanoparticles synthesized in this work were exposed to a 

gaseous mixture of OP and air to determine the performance of the zirconia 

material when utilized for the desired application (i.e. OP pollution control).  

DMMP was utilized as the representative OP molecule for this evaluation.  The 

mixture contained ~45 ppm of DMMP and atmospheric constituents from the air 

(i.e. the mixture was not generated from high purity air).  The ability for zirconia 

to adsorb gas-phase DMMP from a flowing stream of air was probed by thermal 

gravimetric analysis (TGA) and residual gas analysis (RGA).   

A zirconia sample exposed to the air / DMMP mixture and a zirconia sample 

exposed only to the air were heated to 700°C at the same heating rate and portions 

of both samples analyzed by TGA.  Based on the TGA results, mass loss could be 

observed even at room temperature.  When heated to 700°C, a 2.4% mass loss 

was observed from the zirconia sample exposed only to air and a 2.2% mass loss 

was observed from the zirconia sample exposed to the air / DMMP mixture.  For 

the sample mass analyzed (i.e. ~100 mg), a 2.8% difference in mass loss, or ~ 

2800 μg in mass loss, could be expected if all of the DMMP was adsorbed from 

the air / DMMP mixture and desorbed upon heating during TGA.  The difference 

in mass loss between the two samples was much less than 2.8%, thereby 

suggesting that negligible DMMP was present.  To further probe for the presence 

of DMMP, another portion of the sample was also analyzed by RGA and the mass 

spectra of the zirconia sample which was exposed to the air / DMMP mixture are 

shown in Figure 4.18.   
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Figure 4.18.  Residual Gas Analysis of m-ZrO2 exposed to DMMP (ppm range) 

and Air Mixture 
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The spectra were compared with a mass spectrum of DMMP shown in Figure 

4.19 and a spectrum of the background in Figure 4.20. 

 

Figure 4.19.  Reference Spectrum of DMMP (normalized) 

 

Figure 4.20.  Background Spectrum of Residual Gas Analyzer Signal 
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mass spectra shown in Figure 4.18, water was the only detectable species that 

desorbed from the zirconia nanoparticles.  This suggested that water could 

potentially be interfering with the adsorption of DMMP or similar OPs. 

To verify that the technique utilized could indeed detect DMMP when a sufficient 

amount of the OP was present, a sample of the m-ZrO2, preheated in the same 

manner as the samples utilized for the adsorption isotherm measurement, was 

exposed to a dose of the pure gaseous DMMP.  RGA was utilized to evaluate the 

sample and the mass spectra obtained are shown in Figure 4.21.  In comparing the 

spectra shown in Figure 4.21 with the background spectrum in Figure 4.20 and 

the reference spectrum of DMMP in Figure 4.19, it can be observed that mass / 

charge peaks associated with the desorption of DMMP and water were present.  

This indicated that the m-ZrO2 nanoparticles which were preheated at 105°C for 

45 minutes prior to exposure still contained surface bound water.  As previously 

mentioned, the magnitude of the experimental heats of adsorption differed from 

the computational predictions presented in Chapter 3.  The desorption of water as 

observed from the RGA result indicated that the mismatch might be attributed to 

the energetic heterogeneity resulting from the interaction of the OP with surface 

bound water (versus interaction of the OP with the zirconia surface).  The 

presence of surface bound water could additionally contribute to the saturation 

behavior observed from the adsorption isotherm measurements (i.e. limited 

amount of active sites available for DMMP or limited amount of DMMP 

interacting with surface bound water).   
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Figure 4.21.  Residual Gas Analysis of m-ZrO2 exposed to Single-Component 

Gaseous DMMP 
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Further observation indicated that the desorption of DMMP and water begin at 

room temperature and the last traces of all detectable (beyond the sensitivity of 

the instrument, i.e. 10
-10

 Torr) and ionized fragments associated with DMMP were 

observed at 150°C.  The low temperature of desorption for DMMP indicated a 

weak binding interaction, which provided the reasoning for the lower magnitudes 

observed for the experimental heats of adsorption as compared with the 

computationally predicted heats of adsorption obtained from the most favorable 

and ideal one molecule – one site interaction.   

For a final comparison, silica and alumina samples exposed to the air / DMMP 

mixture and to air only were probed by TGA to determine if significant mass 

losses could be observed from these samples.  Based on the TGA results, 

negligible differences between the mass losses from the samples which were 

exposed to DMMP as compared with the samples which were not exposed to 

DMMP were observed for silica and alumina, similar to results obtained with 

zirconia.  These results were indicative of the absence of DMMP adsorption at 

low concentration and when other atmospheric constituents were present.  Since 

negligible changes in mass were recorded, RGA was not performed on silica and 

alumina. 

In summary, all three oxides which were probed by TGA indicated that water 

interfered with the adsorption of low concentrations of DMMP in a flow system.  

RGA results obtained from zirconia further indicated that water interference 

continued to be an issue (i.e. adsorption of DMMP observed but water reduced 

the strength of the interactions) even when pure DMMP was utilized and when 



125 
 

the surface was subjected to preheating.  Thus, to effectively apply the material 

for the application of OP pollution control, water must be eliminated. 

4.4 Conclusion 

The design and application of monoclinic zirconia (same phase the model 

investigated in Chapter 3) for the adsorption of the OPs, DMHP, DMMP, DEEP, 

and TEP were investigated.  Monoclinic zirconia nanoparticles were synthesized 

using hydrothermal methods in the presence of urea, and calcined at various 

conditions in a first attempt in optimizing the synthesis conditions.  Nanoparticles 

of ~37 nm in size and with a BET surface area of 115.62 ± 0.36 m
2
/g were 

obtained from the calcination condition that was ultimately used (i.e. 400°C for 4h 

in flowing O2). 

Qualitative adsorption studies were performed by Raman spectroscopy and the 

results indicated the non-dissociative adsorption of DMHP, DMMP, DEEP, and 

TEP.  Furthermore, Raman results also indicated that adsorption occurred via both 

the methoxy O atom and the phosphoryl O atom.  Quantitative measurements of 

the amounts of OPs adsorbed were also made for the interaction of DMHP, 

DMMP, and TEP with the m-ZrO2 synthesized in this work.  Heats of adsorption 

were determined from the quantitative measurements, and the experimental 

results ranged from –7.96 to –16.9 kcal/mol, with the strongest interaction 

corresponding to TEP and the weakest interaction corresponding to DMHP.  This 

trend was similar to that observed for a-SiO2 as presented in Chapter 2 and was as 

expected based on the vapor pressures of the OPs.  The magnitudes of the heats of 
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adsorption obtained experimentally differed from the values predicted from the 

DFT study in Chapter 3.  As explained in Chapter 2, this can be attributed to 

energetic heterogeneity.   

The presence of energetic heterogeneity was apparent when zirconia was probed 

by thermal gravimetric analysis (TGA) and residual gas analysis (RGA).  In the 

analysis of the m-ZrO2 synthesized in this work which was preheated and exposed 

to pure gaseous DMMP, the simultaneous desorption of DMMP and water were 

observed, even at room temperature.  This result indicated that surface bound 

water remained on the nanoparticles despite preheating.  DMMP interaction with 

the surface bound water as opposed to interaction with the zirconia surface active 

sites led to the lower magnitudes for the experimentally determined heats of 

adsorption as compared with the computational predictions.  The presence of 

water was additionally problematic when the zirconia samples were utilized to 

adsorb low concentrations of DMMP in air through the use of a flow system.  

Surface-bound DMMP was not detectable when low concentrations of DMMP 

were employed.  This issue was observed for silica, alumina, and zirconia.  Based 

on these results, interference from water should be addressed in order to extend 

the utility of the oxide of interest as an OP pollution control technology to low OP 

concentrations.  Nevertheless, this first experimental investigation demonstrated 

that monoclinic zirconia nanoparticles have the ability to adsorb the OPs. 
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CHATPER 5 

FUTURE WORK AND CONSIDERATIONS IN APPLICATION 

In Chapter 4, monoclinic zirconia nanoparticles were synthesized hydrothermally 

in the presence of urea (concentration of 4M) and a first attempt at optimization 

was presented.  The interactions between the material and the OPs of interest were 

characterized.  The nanoparticles demonstrated an ability to adsorb the OPs, 

however, the presence of water was found to be problematic.  Failure to eliminate 

surface bound water resulted in weaker interactions between the monoclinic 

zirconia nanoparticles and the OPs as compared to the heat of interaction 

predicted from the computational chemistry calculations discussed in Chapter 3.  

Thus, future work would focus on the synthesis of an improved material that 

would allow zirconia to interact with the OPs by a more ideal interaction 

mechanism (e.g. solely through selective bond formation with the phosphonyl O 

atom of the P=O group of the OPs).  The primary goal of the future work is to 

eliminate interferences from water.  Different strategies are proposed to address 

the presence of water. 

5.1 Pre-filtering of Water from Zirconia 

A highly hydrophilic material, such as other oxides or commercially available 

desiccants, can be utilized in a sequential fashion in conjunction with zirconia.  

The effectiveness of pre-filtering can be examined by placing the highly 

hydrophilic material and zirconia in a packed bed arrangement and exposing the 

two materials to an air / OP mixture in a flow system.  The zirconia material could 

be retrieved subsequent to exposure and a TGA / RGA analysis can be performed 
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and compared with results obtained from zirconia only.  The drawback to this 

strategy is that water that is inherently present on zirconia will remain on the 

surface unless the material was pretreated at elevated temperature until all of the 

water molecules are desorbed.  Nevertheless, some improvements can be expected 

from pre-filtering. 

5.2 Synthesis of Zirconia Nanoparticles in a Water-Sensitive Matrix 

A strategy to address the presence of surface bound water that was found on the 

zirconia surface is to synthesize the particles in the pores of a water-sensitive 

matrix.  A water-sensitive matrix could be hydrophilic and preferentially adsorb 

water onto its surface or hydrophobic and repel water from the material.  For 

example, small nanoparticles of zirconia can be synthesized from zirconium 

precursors in the pores of a porous oxide to eliminate exposure to water upon their 

formation.  On the contrary, zirconia nanoparticles could also be synthesized in 

situ in a hydrophobic matrix such as porous carbon.  The concept is illustrated in 

Figure 5.1. 

Concerning the synthesis of the proposed material, the in situ formation of oxide 

nanoparticles in a porous oxide have been reported in the literature
218

.  In 

particular, Mn3O4 nanoparticles were reportedly anchored to mesoporous silica by 

thermolysis of a magnetic manganese precursor linked to a SBA-15 mesoporous 

silica modified with –COOH functional groups.  The in situ formation of RuO2 by 

a spontaneous reduction of ruthenium tetraoxide in the presence of organics into 

the pores of a commercially available LiMn2O4 has also been reported
219

.  Similar 
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techniques could be applied to the simultaneous formation and encapsulation of 

zirconia nanoparticles.  Other reactions that do not involve the introduction of 

water into the pores (i.e. reaction based on hydrolysis or reaction leading to the 

release of water during formation) could also be employed. 

 

Figure 5.1.  Synthesis of Zirconia Nanoparticles in Water-Sensitive Matrix 

Extensive characterization would be required to determine the interaction of the 

water-sensitive matrix with OPs and water, as well as to determine the quality of 

the nanoparticles which would result from an in situ synthesis technique. 

5.3 Design of Material with Alternate Active Sites 

Zirconia modified with functional groups or additional active sites could 

alternately be investigated.  Using computational chemistry tools, which were 

shown to be effective for the purpose of providing trends, the zirconia model 

constructed in Chapter 3 could be modified with alternate active sites.  The 

modification of the zirconia surface with alternate functional groups as well as 
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modification of the zirconia surface with two different types of active sites are of 

interest.  By modifying zirconia with alternate functional groups, one might be 

able to design a material that forms a stronger interaction with the OPs.  

Alternately, by introducing two different types of active sites, one could obtain 

information about the selectivity of the sites toward water and OPs.  Two 

examples are illustrated in Figure 5.2 where an –OH functional could be 

compared with a –CH3 group or a –COOH group to determine if the alternate sites 

preferentially adsorb water.  Hydrophilicity decreases from –COOH to –OH to –

CH3.  Thus, H2O could potentially prefer an interaction with a more hydrophilic 

site and allow the OPs to interact with the less hydrophilic sites.   

 

Figure 5.2. Design of a Material with Alternate Active Sites 

 

  

Example 1 Example 2
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5.4 Considerations in Application 

In conclusion, considering the application of the amorphous silica (a-SiO2) and 

the monoclinic zirconia (m-ZrO2) which were investigated in this work, a-SiO2 

offers a cost benefit in a practical setting whereas m-ZrO2 offers a thermodynamic 

advantage (i.e. superior interaction strengths), as determined from the empirical 

heats of adsorption presented in Chapter 4.  Specifically, in comparing the cost of 

the material on a mass basis, silica is currently commercially available at $0.05 

per gram as compared to the ~ $100 required to produce a gram of pure m-

zirconia in this small scale laboratory synthesis. Commercial zirconia is currently 

available, but it offers low surface area and contains impurities. When accounting 

for their respective adsorption capacity (i.e. 10
7 

moles per m
2
 of silica and 10

6
 

moles per m
2
 of zirconia) and the difference in their surface areas (i.e. 284 m

2
 per 

gram of silica and 116 m
2
 per gram of zirconia) the large difference in cost could 

not be compensated.  Hence, when making a comparison between the 

commercially available silica material utilized in this work and the monoclinic 

zirconia material synthesized in this work, silica is superior for practical 

applications.  Nevertheless, strategies for improvement to the synthesis of zirconia 

are available and are recommended to capitalize on its thermodynamic advantage. 
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Figure A.1 is a plot of the adsorption of DEEP onto amorphous silica (a-SiO2) at 

varying temperatures. Taking into account the uncertainties in the measurements, 

the differences in the amount of DEEP adsorbed at a specific starting DEEP 

pressure were negligible with changes in temperature. Based on the vapor 

pressure results that were determined in this work and are presented for DEEP in 

Chapter 2, DEEP has the lowest vapor pressure out of all of the test compounds 

studied.  Figure A.1 thus illustrates the challenges that are apparent when 

measuring the adsorption of exceptionally low vapor pressure OP compounds 

onto a-SiO2 using the experimental apparatus developed for this work and 

described in Chapter 2. 

 

Figure A.1. a-SiO2 adsorption of DEEP at 23.8 (○), 28.0 (▲), 30.6 (■), and 34.6 

°C (●). 
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Tables A.1, A.2, and A.3 list the values for the adsorption isotherm parameters 

determined for a-SiO2 adsorption of DMHP, DMMP, and TEP, respectively, at 

varying temperatures.  The errors in the table represent one standard deviation.  

Adsorption isotherm parameters were determined for four multilayer isotherm 

models including the BET, the nBET, the BDDT, and the Huttig models.  

Multilayer isotherm models were chosen for the multilayer adsorption behavior 

observed experimentally, as shown in Chapter 2.  The parameters were obtained 

using non-linear regression analyses performed with the Igor Pro 6.03 software.  

The chi-square values (χ
2
) as well as results from F-tests are also presented in the 

tables. 
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Table A.1.  Adsorption isotherm parameters (±1σ) and χ
2
 for a-SiO2 adsorption of 

DMHP 

Adsorption Isotherm Model: BET nBET BDDT Huttig 
Te

m
p

e
ra

tu
re

 

23.8 
°C 

am 
1.61 x 10-5 ± 1.43 x 

10-6 
1.92 x 10-4 ± 1.05 

x 10-3 
3.16 x 10-4 ± 1.15 

x 10-3 
1.20 x 10-3 ± 2.55 

x 10-1 

K 10.1 ± 4.40 0.396 ± 2.30 .171 ± 0.854 
9.57 x 10-3 ± 

0.204 

n - 3.86 ± 10.0 2.27 ± 2.80 - 

q - - 3.30 ± 4.72 - 

χ2 60.5 1.84 0.997 14.0 

P < 0.05 from F-
test 

No Yes Yes Yes 

28.0 
°C 

am 
1.86 x 10-5 ± 1.38 x 

10-6 
2.24 x 10-4 ± 1.22 

x 10-3 
2.61 x 10-4 ± 2.24 

x 10-3 
5.13 x 10-3 ± 3.21 

x 10-2 

K 507 ± 7.21 x 103 0.607 ± 3.60 0.515 ± 4.73 0.032 ± 0.205 

n - 3.21 ± 9.80 3.97 ± 8.91 - 

q 
- - 

3.82 x 10-17 ± 
4.53 

- 

χ2 79.7 0.916 0.917 2.27 

P < 0.05 from F-
test 

No Yes Yes Yes 

30.6 
°C 

am 
1.88 x 10-5 ± 1.44 x 

10-6 
2.26 x 10-4 ± 1.10 

x 10-3 
2.45 x 10-4 ± 5.75 

x 10-4 
8.19 x 10-3 ± 7.06 

x 10-2 

K 17.7 ± 7.08 0.548 ± 2.80 0.398 ± 1.34 0.018 ± 0.153 

n - 3.09 ± 7.82 2.19 ± 2.59 - 

q - - 2.70 ± 2.40 - 

χ2 99.9 1.93 0.754 5.83 

P < 0.05 from F-
test 

No Yes Yes Yes 

34.6
°C 

am 
1.10 x 10-4 ± 8.18 x 

10-4 
2.05 x 10-4 ± 7.16 

x 10-4 
3.81 x 10-4 ± 6.58 

x 10-4 
5.49 x 10-4 ± 1.94 

x 10-4 

K 
7.80 x 10-3 ± 6.65 x 

10-2 
0.851 ± 3.24 0.030 ± 1.87 0.353 ± 0.147 

n - 2.72 ± 6.00 1.45 ± 1.27 - 

q - - 29.3 ± 1.80 x 103 - 

χ2 918 2.3 0.563 5.36 

  
P < 0.05 from F-

test 
No Yes Yes Yes 
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Table A.2.  Adsorption isotherm parameters (±1σ) and χ
2
 for a-SiO2 adsorption of 

DMMP 
Adsorption Isotherm 

Model: 
BET nBET BDDT Huttig 

Te
m

p
e

ra
tu

re
 

23.8 
°C 

am 
4.45 x 10-5 ± 1.44 x 

10-6 
7.67 x 10-5 ± 1.12 x 

10-5 
6.79 x 10-5 ± 2.18 x 

10-5 
5.12 x 10-4 ± 3.87 x 

10-4 

K 5.02 ± 0.864 1.20 ± 0.345 1.44 ± 0.766 0.243 ± 0.206 

n - 8.56 ± 1.86 7.54 ± 1.48 - 

q - - 3.60 ± 5.35 - 

χ2 245 5.72 5.51 48.96 

P < 0.05 from 
F-test 

No Yes Yes Yes 

28.0 
°C 

am 
2.68 x 10-5 ± 1.97 x 

10-6 
3.20 x 10-4 ± 1.17 x 

10-3 
1.09 x 10-4 ± 1.64 x 

10-4 
1.20 x 10-3 ± 2.38 x 

10-3 

K 11.0 ± 3.87 0.330 ± 1.22 1.07 ± 1.90 0.119 ± 0.247 

n - 2.82 ± 3.57 4.75 ± 2.17 - 

q - - 1.60 ± 8.08 - 

χ2 126 2.71 3.29 8.31 

P < 0.05 fom 
F-test 

No Yes Yes Yes 

30.6 
°C 

am 
2.30 x 10-5 ± 1.86 x 

10-6 
1.09 x 10-4 ± 4.06 x 

10-5 
1.07 x 10-4 ± 7.89 x 

10-5 
3.62 x 10-3 ± 1.32 x 

10-2 

K 38.4 ±  30.2 1.73 ± 0.921 1.77 ± 1.69 0.050 ± 0.185 

n - 5.89 ± 2.42 5.71 ± 7.67 - 

q - - 1.18 ± 12.8 - 

χ2 67.0 3.19 3.24 2.60 

P < 0.05 from 
F-test 

No Yes Yes Yes 

34.6 
°C 

am 
4.20 x 10-5 ± 4.93 x 

10-6 
3.87 x 10-4 ± 2.55 x 

10-3 
6.03 x 10-4 ± 2.62 x 

10-3 
6.76 x 10-3 ± 4.07 x 

10-2 

K 12.0 ± 3.99 0.572 ± 3.94 0.208 ± 2.03 0.036 ± 0.216 

n - 2.77 ± 9.12 1.64 ± 2.81 - 

q - - 3.34 ± 19.2 - 

χ2 56.0 1.05 0.417 2.45 

  
P < 0.05 from 

F-test 
No Yes Yes Yes 
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Table A.3.  Adsorption isotherm parameters (±1σ) and χ
2
 for a-SiO2 adsorption of 

TEP 

Adsorption Isotherm Model: BET nBET BDDT Huttig 

Te
m

p
e

ra
tu

re
 

23.8 
°C 

am 
2.95 x 10-5 ± 1.95 x 

10-6 
1.89 x 10-4 ± 9.21 

x 10-4 
8.52 x 10-5 ± 2.36 

x 10-4 
2.02 x 10-4 ± 1.20 

x 10-4 

K 2.68 ± 0.285 0.292 ± 1.47 0.641 ± 2.02 0.328 ± 0.206 

n - 2.88 ± 4.05 2.95 ± 3.40 - 

q - - 2.14 ± 3.67 - 

χ2 97.0 1.23 1.15 51.3 

P < 0.05 from F-
test 

No Yes Yes Yes 

28.0 
°C 

am 
2.93 x 10-5 ± 3.40 x 

10-6 
2.55 x 10-4 ± 1.35 

x 10-3 
4.09 x 10-4 ± 9.89 

x 10-4 
2.66 x 10-3 ± 2.06 

x 10-2 

K 4.19 ± 1.25 0.323 ± 1.18 0.066 ± 0.341 0.044 ± 0.344 

n - 4.00 ± 8.94 1.93 ± 1.05 - 

q - - 8.74 ± 26.0 - 

χ2 61.5 8.66 4.78 22.6 

P < 0.05 from F-
test 

No Yes Yes Yes 

30.6 
°C 

am 
2.27 x 10-5 ± 1.95 x 

10-6 
2.00 x 10-4 ± 8.27 

x 10-4 
2.56 x 10-4 ± 7.77 

x 10-4 
3.69 x 10-3 ± 9.33 

x 10-3 

K 
4.15 x 10-3 ± 1.18 x 

10-5 
0.658 ± 2.96 0.384 ± 1.95 0.041 ± 0.107 

n - 3.13 ± 7.46 2.10 ± 3.63 - 

q - - 2.47 ± 5.60 - 

χ2 382 3.35 1.77 9.63 

P < 0.05 from F-
test 

No Yes Yes Yes 

34.6 
°C 

am 
2.50 x 10-5 ± 3.25 x 

10-6 
1.25 x 10-3 ± 8.85 

x 10-6 
4.63 x 10-4 ± 1.65 

x 10-3 
1.42 x 10-3 ± 4.55 

x 10-3 

K 7.52 ± 3.02 0.098 ± 1.17 0.029 ± 0.945 0.104 ± 0.345 

n - 2.02 ± 10.6 .54 ± 1.52 - 

q - - 20.8 ± 598 - 

χ2 43.5 3.18 1.06 5.34 

  
P < 0.05 from F-

test 
No Yes Yes Yes 
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Samples of hydrophilic silica containing surface hydroxyl groups and samples of 

alumina containing Al Lewis acid sites were exposed to four pure and gaseous 

OPs, DMHP, DMMP, DEEP, and TEP.  The samples were probed before and 

after exposure to the OPs using Raman spectroscopy as discussed in Chapter 2.  

The Raman spectra for silica are shown in Figure A.2 to A.5 and the Raman 

spectra for alumina are shown in Figure A.6 to A.9.  Exposure to the OPs resulted 

in multiple peak formations.  The corresponding frequencies for the new peaks 

are shown in Figure A.2 to Figure A.9.

 

 

Figure A.2.  Raman Spectra of SiO2 (a) before and (b) after exposure to DMHP 
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Figure A.3.  Raman Spectra of SiO2 (a) before and (b) after exposure to DMMP 
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Figure A.4.  Raman Spectra of SiO2 (a) before and (b) after exposure to DEEP 
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Figure A.5.  Raman Spectra of SiO2 (a) before and (b) after exposure to TEP 
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Figure A.6.  Raman spectra of Al2O3 (a) before and (b) after exposure to DMHP 
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Figure A.7.  Raman spectra of Al2O3 (a) before and (b) after exposure to DMMP 
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Figure A.8.  Raman spectra of Al2O3 (a) before and (b) after exposure to DEEP 
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Figure A.9.  Raman spectra of Al2O3 (a) before and (b) after exposure to TEP 
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Liquid samples of DMHP, DMMP, DEEP, and TEP were probed using Raman 

spectroscopy to determine the frequencies associated with the various bonds in 

the OP molecules.  The Raman spectra for DMHP, DMMP, DEEP, and TEP are 

shown in Figure A.10 to Figure A.13, respectively.  Note that the lower frequency 

peaks are obscured for TEP.

 

Figure A.10.  Raman spectrum of liquid DMHP 

 

Figure A.11.  Raman spectrum of liquid DMMP 
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Figure A.12.  Raman spectrum of liquid DEEP 

 

Figure A.13.  Raman spectrum of liquid TEP 
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Table A.4 to A.8 lists the bond lengths and bond angle associated with the 

interaction between DMHP, DMMP, DMEP, DEEP, TEP, and both zirconia and 

alumina, respectively.  Changes to the bond lengths and bond angles subsequent 

to adsorption are also presented.  These results are predicted by the computational 

chemistry tool, Gaussian, as discussed in Chapter 3.   

 

In Table A.4 to A.8, atoms which are affected by the bonding interactions with 

zirconia include the O atom (denoted O1) of the phosphonyl group (i.e. P=O1), 

the O atom (denoted O2) of the alkoxy groups (i.e. –O2-R), and the C atom 

(denoted C1) of the alkoxy group (i.e. –O2-C1xH2x+1).  The bond lengths and 

bond angles of the m-Zr8O16-OP complexes (denoted Z-OP) and of the isolated 

OPs are shown in Tables A.4 to A.8.  The changes resulting from the formations 

of the Z-OP complexes (denoted ΔZ) are proportional to the strengths of the 

interactions.  A positive ΔZ associated with bond lengths indicates an 

enlargement of the bond, which in turn results in weakening of the bond as 

compared with the isolated OPs.  Greater magnitudes for ΔZ associated with bond 

angles indicate greater stresses or strains on the intramolecular bonds, again, 

leading to the weakening of the structures of the OPs.  For all five of the OPs 

investigated, the intramolecular bonds of the OP molecules are weakened by the 

interaction with m-Zr8O16.  

 

Atoms which are affected by the bonding interactions with alumina include the O 

atom (denoted O1) of the phosphonyl (i.e. P=O1) group, the O atom (denoted O2) 
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of the alkoxy (i.e. –O2-R) groups, the C atom (denoted C1) of the alkoxy (i.e. –

O2-C1xH2x+1) group, and the C atom (denoted C2) of the alkyl (i.e. –C2xH2x+1) 

group.  The changes to bond lengths (denoted ΔA) and to the bond angles of the 

intramolecular bonds of the OPs due to the formations of the γ-Al8O12-OP 

complexes (denoted A-OP) are also shown in Tables A.4 – A.8. 

 

In comparison to the interaction with m-Zr8O16, adsorption by γ-Al8O12 led to 

both bond strengthening and weakening.  In particular, the P-O2 bonds and for the 

cases where the C2 atoms are affected by the second H-bond interactions, the P-

C2 bonds, are strengthened from the interactions.  On the contrary, the P-O2 

bonds were weakened for all of the OPs when interacted with m-Zr8O16.  The 

P=O1 bonds are weakened for interaction with both oxides, however, the 

magnitude of the bond enlargements are greater for m-Zr8O16 as compared with γ-

Al8O12.  In general, the extents to which the bond angles become stressed or 

strained are also greater for m-Zr8O16 as compared with γ-Al8O12.  Collectively, 

these results suggest that zirconia is likely to be superior to alumina for the 

decomposition of OP compounds. 
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Table A.4.  Geometry of isolated DMHP, the adsorbed DMHP (Z-DMHP and 

A-DMHP), and the resulting distortions (ΔA and ΔZ) 
 

 

Z-DMHP A-DMHP DMHP ΔZ ΔA 

bond length (Å) 

     D(P=O1) 1.618 1.529 1.482 0.136 0.047 

D(P-O2) 1.677 1.579 1.620 0.057 -0.041 

D(O2-C1) 1.501 1.466 1.439 0.062 0.027 

bond angles (°) 
   

|ΔZ| |ΔA| 

(P-O2-C1) 125.5 124.0 120.0 5.5 4 

(O1-P-O2) 111.2 113.7 114.9 3.7 1.2 
  

 
 

 

Table A.5.  Geometry of isolated DMMP, the adsorbed DMMP (Z-DMMP and 

A-DMMP), and the resulting distortions (ΔA and ΔZ) 
 

 

Z-DMMP A-DMMP DMMP ΔZ ΔA 

bond length (Å) 

     D(P=O1) 1.622 1.534 1.496 0.126 0.038 

D(P-O2) 1.684 1.572 1.629 0.055 -0.057 

D(O2-C1) 1.495 1.467 1.437 0.058 0.030 

bond angles (°) 
   

|ΔZ| |ΔA| 

(P-O2-C1) 124.3 124.5 120.0 4.3 4.5 

(O1-P-O2) 109.4 116.1 113.9 4.5 2.2 
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Table A.6.  Geometry of isolated DMEP, the adsorbed DMEP (Z-DMEP and 

A-DMEP), and the resulting distortions (ΔA and ΔZ) 
 

 

Z-DMEP A-DMEP DMEP ΔZ ΔA 

bond length (Å) 

     D(P=O1) 1.624 1.542 1.487 0.137 0.055 

D(P-O2) 1.684 1.577 1.632 0.052 -0.055 

D(O2-C1) 1.494 1.461 1.437 0.057 0.024 

D (P-C2) - 1.804 1.818 - -0.014 

bond angles (°) 
   

|ΔZ| |ΔA| 

(P-O2-C1) 124.8 123.2 120.2 4.6 3 

(O1-P-O2) 109.3 114.7 113.8 4.5 0.9 

(O1-P-C2) - 112.5 116.0 - 3.5 
 

 

 

Table A.7.  Geometry of isolated DEEP, the adsorbed DEEP (Z-DEEP and A-

DEEP), and the resulting distortions (ΔA and ΔZ) 
 

 

Z-DEEP A-DEEP DEEP ΔZ ΔA 

bond length (Å) 

     D(P=O1) 1.630 1.543 1.487 0.143 0.056 

D(P-O2) 1.681 1.575 1.631 0.050 -0.056 

D(O2-C1) - 1.479 1.447 - 0.032 

D (P-C2) - 1.805 1.819 - -0.014 

bond angles (°) 
   

|ΔZ| |ΔA| 

(P-O2-C1) - 123.3 120.5 - 2.8 

(O1-P-O2) 109.8 114.6 113.9 4.1 0.7 

(O1-P-C2) - 112.1 115.7 - 3.6 
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Table A.8.  Geometry of isolated TEP, the adsorbed TEP (Z-TEP and A-TEP), 

and the resulting distortions (ΔA and ΔZ) 
 

 

Z-TEP A-TEP TEP ΔZ ΔA 

bond length (Å) 

     D(P=O1) 1.614 1.528 1.483 0.131 0.045 

D(P-O2) 1.659 1.568 1.607 0.052 -0.039 

D(O2-C1) - 1.483 1.450 - 0.033 

bond angles (°) 
   

|ΔZ| |ΔA| 

(P-O2-C1) - 124.8 119.2 - 5.6 

(O1-P-O2) 111.8 114.8 116.3 4.5 1.5 
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Tables A.9 to A.13 lists the charges of the atoms in the OPs, DMHP, DMMP, 

DMEP, DEEP, and TEP, and charges of the atoms on the surface of zirconia and 

alumina, respectively.  The resulting changes to the charges of the atom due to 

adsorption are also listed.  The total charge transfers associated with the 

interactions are summed and provide a quantitative indication of the strength of 

interaction between the OPs and the surfaces (i.e. the larger the magnitude of 

charge transfer, the stronger the interaction) as discussed in Chapter 3. 

The surface atoms involved in charge transfer includes the Zr Lewis acidity, the 

Al Lewis acidity, the O atoms involved with hydrogen bonding interactions 

(denoted Oa) with the alkoxy groups, and the O atoms involved with hydrogen 

bonding interactions (denoted Ob) with the alkyl groups.  For interactions with m-

Zr8O16, the chemical bond formations resulted in an increase on the positive 

charge of the Zr atom and a more negative charge for the O1 atom.  The hydrogen 

bonding interaction resulted in an increase on the positive charge of the bonding 

H atom and a more negative charge for the surface Oa atom.  These charge 

changes resulting from electron transfers are proportional to the strengths of the 

bonds.  In all cases, the electron transfers with the Zr atom is greater in magnitude 

than the electron transfers with the surface Oa atom, thereby indicating that the 

bond formation with the Zr site is the primary mechanism for stabilization of the 

OP interactions.  Similarly, these trends were also observed for the Al site. 

 

In comparing the charge transfers between the OPs and m-Zr8O16 to the charge 

transfers with γ-Al8O12, in particular for the O1 atom and the H atoms which 
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participate directly in the bonding interactions, the magnitude of the total charge 

transfer is greater for m-Zr8O16 as compared with γ-Al8O12 for all of the OPs 

investigated.  The observed trend could be attributed to the charges of the native 

Zr and Al Lewis acid sites.  The Zr and Al Lewis acidities carry positive charges 

of 1.686 and 1.102 e, respectively.  Larger positive charges on the metal centers 

are associated with stronger bonding capability.  This result suggests that Zr sites 

form stronger interactions with the OPs than Al sites.  It should be noted that in 

all cases except for the m-Zr8O16 interactions with DEEP and TEP where 

dissociation occurred, the adsorbed OPs carry a net positive charge.  This 

indicates that electrons are transferred from the OP molecules to the oxides, 

which is in agreement with the nature of the active sites (i.e. electron acceptors). 

 

In general, the magnitude of the total charge transfers with the O1 and H atoms 

increases with the basicity (i.e. the negative charge of the O1 atom) of the isolated 

OPs with the exception of the most basic OP (i.e. TEP).  The energetic associated 

with the interactions are subsequently discussed and can be expected to follow the 

same trend.  
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