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There is an urgent need for the advancement of technology to enable the 

decomposition of chemical warfare agents (CWA) in an effective and efficient manner. 

Developing materials that can target a variety of CWA has many challenges. However, the 

development of novel materials has made possible the emergence of self-decontaminating 

materials to address this threat. A multi-catalytic polyelectrolyte membrane (MC-PEM) 

composite has been designed to protect users while decomposing particularly nerve and 

blister agents. It is comprised of a polyelectrolyte membrane that encloses metal-oxide 

nanoparticles (MONP) within the substrate and incorporates polyoxometalates (POM) on 

the surface of the substrate. MONP provide the decomposition of nerve agents via 

hydrolysis and POM provide the catalytic decomposition of blister agents via photo-

oxidation, while also providing colorimetric sensing capabilities. This technology is 

envisioned to be used as a coating layer within military textiles and other applications that 

require safety against harmful substances. 
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CHAPTER 1. Background and Motivation 

1.1 Chemical Warfare Agent (CWA) Background 

Chemical warfare agents (CWA) are part of a larger group of weapons of mass 

destruction (WMD), which are known to create mass casualties even with small quantities. 

These agents can be weaponized via aerosols that can travel through air and target multiple 

people without detection. Currently, there are various types of CWA, which are classified 

into their respective categories according to how they affect the human body. Among these 

lethal agents, there are blister agents, blood agents, and nerve agents. Blister agents, such 

as sulfur mustard (HD), are known to affect skin, eyes, and the respiratory tract. They can 

be absorbed by inhalation or through the skin and cause painful and large blisters. Blood 

agents, such as hydrogen cyanide (AC), are known to affect the ability of blood cells to 

transfer oxygen causing the body to experience internal suffocation. Nerve agents, such as 

sarin (GB), are known to inhibit an enzyme called acetylcholinesterase. This enzyme is 

responsible for aiding in the transmission of nervous impulses through the body. Inhibition 

of this enzyme effectively causes muscle paralysis, loss of consciousness and eventually 

death.  

The use of CWA goes back to World War I, where lethal gases, such as phosgene and 

sulfur mustard caused over 1.2 million casualties. In World War 2, Nazi Germany was 

responsible for the death of several millions of people of whom many of them died due to 

exposure to hydrogen cyanide gas. There are many other instances in which CWA have 

been used to cause mass destruction such as: the Vietnam War – where agent orange was 

used, in a train station in Matsumoto, City Japan – where sarin was used leading to several 
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deaths and thousands of injured victims, in United States – where letters containing anthrax 

spores were sent to media and congressional offices and caused the death of 5 officials1. 

The mitigation of chemical warfare agents (CWA) using inorganic materials has been 

studied for many years going to work from Li et. Al., in 19912 where metal-oxide 

nanoparticles (MONP) were used as destructive adsorption materials against nerve agent 

simulants. The choice of inorganic catalysts has been very popular as the synthesis of these 

can be very cost-effective and straightforward to synthesize. Since then, several types of 

catalysts have been proposed as destructive sorbents against CWA. The most studied group 

of inorganic catalysts towards CWA decomposition are metal-oxides systems. Metal-

oxides have been shown to decompose nerve and blister agents through hydrolysis 

mechanisms3-9. Not only have MONP the capabilities to hydrolyze nerve and blister agents, 

but also shows oxidative/photo-oxidative capabilities towards blister-agents, particularly 

oxides like TiO2
10-18. Another popular choice for the catalytic decomposition of CWA 

include metal-organic frameworks (MOF). MOF, although relatively more difficult to 

synthesize, show great promise towards the degradation of agents, particularly nerve agents 

like VX, where it has been reported that the complete decomposition of VX was complete 

in the order of a few minutes19-25. Less popular alternatives as catalysts have also shown its 

ability to decompose CWA like polyoxometalates (POM) and zeolites. POM are typically 

used as photo-oxidative catalysts as they have several active oxygen species available in 

their surface. It has been reported that POM have the capability to oxidize blister agents 

and simulants into non-toxic products, but are not as efficient as MOF26-28. An interesting 

aspect about POM nano-clusters is their ability to change colors when CWA are adsorbed 

to them adding to their oxidative capabilities the ability to be used as sensors29.  
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1.2 CWA Decomposition Pathways 

1.2.1 General mechanisms for the hydrolysis of CWA  

In Figure 1-1 a general hydrolysis mechanism is presented where a nerve agent, such as 

sarin (GB) is decomposed by a nucleophilic attack on the phosphorous atom causing a 

dehalogenation, fluorine ion leaves, producing an intermediate called isopropyl-

methylphosphonic acid. Subsequently, another attack on the phosphor atom again causes 

the isopropyl group to leave producing methylphosphonic acid, which is a non-toxic 

compound30. 

 

1.2.2 General mechanisms for the oxidation of CWA  

In Figure 1-2 a general oxidation mechanism is presented where a blister agent, such 

as sulfur mustard (HD) is decomposed by a nucleophilic attack on the sulfur atom causing 

the production of 2-cloroethyl sulfoxide. This is the desired compound to produce as it is 

non-toxic. However, a subsequent oxidation on 2-cloroethyl sulfoxide produces an 

undesired product, which is the 2-chloroethylsulfone. This compound has similar vesicant 

properties and it poses high toxicity. Once 2-cloroethyl sulfoxide is produced, under the 

Figure 1-1. General hydrolysis mechanism for sarin. 
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proper environment, this compound can hydrolyze causing the dehalogenation of one or 

both chlorides producing an even less-toxic compound named thiodiglycol sulfoxide. 

 

1.2.3 Metal-oxides as catalysts for the decomposition of CWA 

Mahato, et. Al., discuss on the variety of available reactive sites within metal-oxide 

surfaces, particularly on ZnO6. GB was converted to its hydrolysis intermediate product, 

isopropyl methylphosphonic acid (IMPA) and consequently to the hydrolysis final product, 

methylphosphonic acid (MPA). The formed MPA seemed to bind with basic groups 

existing on ZnO. It appears that ZnO surface area facilitates the adsorption of the agent, 

such as sarin, and then, the surface hydroxyls and other reactive sites, like edge and surface 

defects, reacted with the agent thereby rendering the toxic agent to non-toxic product.  

Various mechanisms have been proposed for the hydrolysis of G, V, and H agents, 

which converge to the hydroxyl moieties on metal-oxide surfaces to attach on the 

phosphorus-halogen (G and H agents) or phosphorus-sulfur bonds (V agents) producing 

the typical phosphonic acids (G and V agents) and thioglycol (H agents) products. One 

Figure 1-2. General oxidation mechanism for sulfur mustard (with potential hydrolysis). 
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drawback of metal-oxide systems is that due to being such strong bases they sorb the 

catalytic products quite tightly. Bandosz, et. Al., report on the decomposition of VX, HD 

and GB along with role of surface hydroxyls in Zr(OH)2 in the hydrolysis of VX8. Metal 

oxides such as MgO and CaO are so basic that they irreversibly sorb the autocatalytic 

byproduct ethyl methylphosphonic acid (EMPA) onto the surface effectively self-

poisoning the EMPA-catalyzed hydrolysis reaction resulting in quite slow VX-reaction 

rates.  

Vernekar, et. Al. have studied how oxygen vacancies on cerium oxide improve the 

catalytic activity for the decomposition of paraoxon31. Vacancy engineered cerium oxide 

surfaces show superior decontamination of paraoxon, a nerve agent simulant, due to the 

selective and preferential binding of water and paraoxon with multi-valent Ce+3/Ce+4 sites. 

Cerium oxide containing only Ce4+ ions favors the binding of paraoxon throughout the 

catalyst surface since phosphoryl oxygens are attracted to metal-oxide surfaces, but the 

binding and activation of water molecules on cerium oxide surfaces is disfavored. On the 

contrary, when cerium oxide surfaces exhibit a large number of Ce3+ ions adsorption of 

H2O molecules is favored adsorption of paraoxon is disfavored. Therefore, having mixed 

oxidation cerium states have a synergistic effect as the preferential binding of H2O at Ce3+ 

sites and paraoxon at Ce4+ sites allows for an efficient hydrolysis decomposition.  

Tang, et. Al., discussed that the activity of MONP towards the decomposition of HD 

highly depended on the surface acid–base properties of MONP and the amount of adsorbed 

H2O on MONP surfaces32. An increase in surface acidity or basicity was able to improve 

the degradation of HD over the oxides. More than 10 kinds of products from hydrolysis, 

were observed based on various mechanisms such as elimination and addition–elimination 
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reactions for HD over aluminum oxides. It is suggested that the elimination of HCl from 

HD was accomplished by basic and possibly Lewis acid sites of the oxide surfaces. HD 

hydrolysis against metal-oxides occurred through the cleavage of both C–Cl and C–S 

bonds as also reported by Singh et. Al.33 Moreover, the presence of surface hydroxyls and 

water on metal-oxide surfaces significantly improves the hydrolysis rate of HD as also 

observed by Zafrani et. Al.34 

Table 1-1 shows selected references of MONP that have been studied for CWA 

decomposition.  

Table 1-1. Summary of studies on MONP against various CWA/simulants 

Metal-Oxide Agent Tested Environment Reference 

TiO2 HD Hexane Naseri, M.T., et al. (2013)35 

ZnO Sarin Dosed onto the catalyst Mahato, T.H., et al. 

(2009)36 

ZnO/CuO GB 

HD 

Dichloromethane Kumar, P., et al. (2013)37 

Al2O3 VX/GB/HD/GD Injected into catalyst Wagner, G.W., et al. 

(2001)38 

CaO VX/GB/HD/GD Injected into catalyst Wagner, G.W., et al. 

(2000)39 

Nanotube 

TiO2 

VX/GD/HD Aqueous Wagner, G.W., et al. (2008) 

Polysulfone 

fibers with 

MgO 

Paraoxon Heptane Sundarrajan, S., et al. 

(2007)40 

TiO2 DMMP Ultrahigh vacuum Panayotov, D.A.,  et al. 

(2009)41 

Al2O3/ MnOx DMMP Slurry Mitchell, M.B., et al. 

(2011)42 

CeO2 Paraoxon N-methylmorpholine Vernekar, A.A., et al. 

(2016)43 

Zr(OH)4 GD 

HD 

VX 

Dosed onto the catalyst Bandosz, T.J., et al. 

(2012)44 

Fe&Mn 

Oxides 

HD 

Soman 

Dosed onto the catalyst Stengl, V., et al., (2012)45 

CeO2 Parathion-methyl Hexane Janos, P., et. Al. (2015)9 

CaO, MgO, 

Fe2O3, TiO2 

CEES 

HD 

Paraoxon 

Organic solvent Koper, O., et. Al. (1999)4 
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VX 

1.2.4 Polyoxometalates as catalysts for the decomposition of CWA 

POM have been extensively used as catalysts for one-pot synthesis of complex 

molecules46-48, water and alcohol oxidation49-51, CWA oxidative decomposition27, 52, and 

have been incorporated in a variety of ceramic and organic substrates such as metal-organic 

frameworks (MOF)53-56, metal-oxides57-58, zeolites59, and  polymers28, 60. POM have the 

advantage of being environmentally friendly, relatively cheap and photo-reactive. Among 

the variety of POM available, the Keggin-type polyanions are among the most structurally 

robust and promising in terms of reactivity61. These heteropoly-acids are known to be 

highly stable in humid and aerated environments, low in toxicity and capable of undergoing 

fast reversible redox reactions. In addition, they exhibit the ability to change color when 

an oxidizing moiety reacts with the POM and the core transition metal within the POM 

reduces its oxidation state. It was reported that POM color transitions are different when 

having a different core transition metal incorporated within the POM structure52. This 

colorimetric detection feature can be used for the development of CWA sensors.  

Mizrahi, et. Al. have proposed generalized mechanisms of reaction for the 

hydrolysis of VX and GB and oxidation of HD on (NH4)3PW12O40
27. VX oxidation may 

occur either on the sulfide or iso-propyl amine group. It is important that high selectivity 

is achieved towards the oxidation on the sulfur, as it will yield a subsequent hydrolysis 

reaction to ethylmethyl phosphonic acid (EMPA) products much faster than if the amine 

group is oxidized. Similarly, GB undergoes a nucleophilic attack on the phosphorous which 

induces the elimination of fluorine and production of isopropylmethyl phosphonic acid 

(IMPA), which can undergo through a second nucleophilic attack inducing the isopropyl 

alcohol group to be eliminated producing MPA as described in Section 1.2.1. It appears as 
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the [PW12O40]
3- anion is responsible for the nucleophilic attack on the phosphorous atom 

of both organophosphates.  

Kinnan, et. Al., report the use of polyoxoniobiates, X8[Nb6O19] (where X = Li+, K+, 

or Cs+), for the hydrolysis of nerve agents and simulants such as GB, soman (GD), and 

difluorophosphate (DFP).62 The change in cation in the polyoxoniobiate salt (Li+, K+, and 

Cs+) appears to not have much of an impact when decomposing GB, half-life of 0.03 hr, 

but does impact the degradation of DFP as the half-life goes from 3.2 hr to 27 hr for 

Li8[Nb6O19] and Cs8[Nb6O19], respectively. For GD the half-life increased with increasing 

the ratio of agent to catalyst from 0.27 hr to 1.54 hr against Li8[Nb6O19]. It appears as the 

diffusion of GD to the catalyst is the rate-limiting step.  

Giles et. Al., report the use of Wells-Dawson POM K8[Ni(H2O)(α2-

P2W17O61)]·17H2O and K15H[Zr(α2-P2W17O61)2]·25H2O. They present that the Zr4+ based 

POM generates several reactive species such as a Venturello complex [PO4[W(O)(O2)2]4]
3-

, and other tungsten peroxo species when in an aqueous 15 wt% hydrogen peroxide 

solution. The resulting half-life of Demeton-S was 2.2 min. Much faster when compared 

to 15 wt% hydrogen peroxide solution without incorporated POMs, which resulted in a 

half-life of 40.9 min 

The versatility of a material that can sense and decompose agents has brought 

polyoxometalates (POM) to the attention of many researchers. Guo, et. Al., report the 

successful oxidation of CEES against K4Li2[MnV14O40]·21H2O in the presence of tert-

butyl hydroperoxide. In addition, this catalyst has the ability to change colors, from orange 

to green, which is due to the reduction of V(V) to V(IV) by CEES63. Similarly, Johnson, 

et. Al., have studied the potential sensing/detecting capabilities of POM based oxidation 
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reactions. They found that the colors changes observed on POM depend on the metal in the 

core of the POM structure. The multiplicity in oxidation states of these metallic cores in 

POM make them quite reactive.  

Wu, et. Al, also took advantage of the color changing characteristic of POM against 

the decontamination of CEES by using phosphorus based POM on polymeric substrates28. 

H5PV2Mo10O40 was incorporated into a blend of poly-vinyl alcohol (PVA) and 

polyethyleneimine (PEI) with a ratio of 10:20 wt.% of PVA:PEI. Using infrared 

spectroscopy (IR) they were able to detect the decomposition of CEES into its sulfoxide 

oxidation product. When CEES was exposed to H5PV2Mo10O40 the sulfur atom in CEES 

is oxidized into the sulfoxide product reducing the Mn(III) to Mn(IV) yielding a red POM. 

When Mo6+ is substituted by V5+ the catalyst exhibits a color change from orange to blue 

when exposed to CEES also yielding oxidative products of CEES.  

Liu, et. Al. were able to impregnate nylon-6 fibers with molybdenum (H3+nPMo12-

nVOn·xH2O) and tungsten (H3PW12O40·xH2O) based POM and observed its oxidative 

capabilities as these materials are sought to be used in textiles for CWA protection. It was 

reported that CEES degradation improved by increasing the number of V5+ within the POM 

structure. More reactive lattice oxygen associated to Mo-O-V species are generated by 

substituting Mo6+
 with V5+ ions.  
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Below in Table 1-2 are presented selected references of POM that have been studied 

for CWA decomposition. 

Table 1-2. Summary of studies on POM against various CWA/simulants 

POM Agent Tested Environment Reference 

H4PMo11VO4/nylon-6 

fiber 

HD Solution-based Liu, F., et Al. (2014)64 

(NH4)3PW12O40 VX,GB,HD Aqueous Mizrahi, D.M. et Al. (2010)65 

H3PW12O4/TiO2 HD Hexane slurry, 

UV lamp 

Naseri, M.T., et Al. (2012)35 

FeIII[H(ONO2)2]PW11O39
5- CEES Acetonitrile Okun, N.M., et Al. (2006)66 

K4Li2[MnV14O40]·21H2O CEES Toluene Guo, W., et Al. (2015)67 

Li8Nb6O19 DFP, GD, GB Water Kinnan, M., et. Al. (2014)62 

K5CoW12O40 CEES Bulk powder Johnson, R.P., et. Al. 

(1999)29 

K15H[Zr(α2-

P2W17O61)2]·25H2O 

Demeton-S Aqueous 

solution 

Giles, S.L., et. Al. (2017)26 

K5CoW12O40 CEES Bulk powder Giannakoudakis, D. et. Al. 

(2019)68 

 

1.2.5 Metal-organic frameworks as catalysts for the decomposition of CWA 

Metal-organic frameworks (MOF) are among the most reactive catalysts to date with 

respect to the decomposition of CWA. MOF are particularly effective against G-type and 

V-type agents, Katz, et. Al.21, report half-lives of 3.5 min for the decomposition of 

paraoxon (VX simulant) and Moon, et. Al.23, report half-lives of 1.8 minutes towards the 

hydrolysis of VX.  

Lopez-Maya et. Al., studied the catalytic activity of UiO-66 [Zr6O4(OH)4(bdc)6] by 

modifying the MOF catalyst69. This modification was done by incorporating basic lithium 

alkoxides (butyl and ethyl alkoxides) [UiO-66@LiOtBu, UiO-66@LiOtEt], missing linker 

defects [UiO66@AcO], and by introducing acidic Brønsted sites [UiO-66@SO4H]. It 

appears that the most reactive catalyst with respect to diisopropylfluorophosphate (DIFP) 

decomposition is [UiO-66@LiOtBu] with a half-life for P–F bond hydrolysis of 5 min and 
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complete hydrolysis after 30 min. As the alkoxy chain in the MOF structure is reduced, the 

catalytic activity is also reduced. The half-life of [UiO-66@LiOtEt] is 30 min with 

complete hydrolysis after 250 min. The unmodified UiO-66 and defect [UiO-66@AcO] 

show three-fold slower kinetics with respect to [UiO-66@LiOtBu] and lose their activity 

after 75% conversion of DIFP due to catalyst poisoning. By adding acidic sites such as 

HSO4
- the catalytic activity drops even further to a 30% DIFP degradation. Therefore, the 

presence of basic alkoxy sites within the acidic metal centers promote a synergistic efficient 

catalysis against DIFP. With respect to dimethyl methylphosphonate (DMMP) and CEES, 

[UiO-66@LiOtBu] is the most reactive having a half-life of 25 min and 3 min and complete 

conversions after 300 min and 16 min for DMMP and CEES, respectively. [UiO-

66@LiOtBu] outperformed all other catalysts studied by this reference. 

Similarly, Katz et. Al. studied the catalytic activity of UiO-66 against paraoxon while 

modifying the bridging ligands in the MOF with NO2, OH, and NH2 groups.70 Inspired by 

the naturally occurring reaction of phosphoesterase enzymes in phosphate hydrolysis, the 

previously mentioned MOFs were synthesized. UiO-66-NO2 and UiO-66-(OH)2 were used 

to compare the amino moiety of UiO-66-NH2 against aspartate and histidine moieties based 

on the enzymatic mechanism for the hydrolysis of paraoxon. Half-lives for the hydrolysis 

of paraoxon were 35, 60, 45, and 1 min for UiO-66, UiO-66-(OH)2, UiO-66-NO2, and UiO-

66-NH2, respectively in the presence of a buffer (N-ethylmorpholine, pH 10). Clearly, the 

presence of a proximal anchored base significantly improves the reactivity of UiO-66 

against paraoxon hydrolysis. These base (NH2) modified UiO-66 are capable of acting as 

Brønsted bases, which make all the difference as NO2 and OH modified UiO-66 don’t have 

this capability although they are capable of hydrogen bond donating and receiving as UiO-
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66-NH2. In addition, UiO-67 was also studied by adding amine-based ligands to the linking 

moieties of the MOF structure. In this case, both a primary amine (NH2) and a tertiary 

amine N(Me)2 ligand was incorporated within the biphenyl dicarboxylate (BPDC) linker 

in MOF UiO-67. Under the same conditions as the experiments with UiO-66, the half-lives 

obtained were 4.5. 2, and 2 min for UiO-67, UiO-67-N(Me)2, and UiO-NH2, respectively. 

When half of the catalyst was used, the half-lives were 15, 7, and 3.5 min for UiO-67, UiO-

67-N(Me)2, and UiO-NH2, respectively. Given that there was a higher reduction in the 

catalysis of UiO-67-N(Me)2 the hypothesis is that since the dimethylamino moiety is a 

stronger base, it is harder to deprotonate in order to regenerate the catalyst.  

Moon et. Al., also studied the catalytic activity of UiO-66 and UiO-67 as in the 

previous reference24. Studies done with 31P NMR spectroscopy show that UiO-67, UiO-

67-NH2, and UiO-67-N(Me)2 selectively hydrolyze the P–S bond in VX to the non-toxic 

ethyl methyl phosphonate (EMP) anion and 2(diisopropylamino)ethanethiol (DESH). 

Complete conversion of VX was observed within 15 min [for UiO-67-N(Me)2] to about 50 

min (for UiO-67 and UiO-67-NH2). Initial half-lives were 1.8 min, 6.0 min, and 7.9 min 

for UiO-67-N(Me)2, UiO-67-NH2, and UiO-67, respectively. The catalytic enhancement in 

UiO-67-N(Me)2 and UiO-67-NH2 may be due to amino group to act as proton-transfer 

agents. Since the tertiary amine in UiO-67-N(Me)2 is more basic than the primary amine 

on UiO-67-NH2, this tertiary amine moiety facilitates the proton transfer from BPDC linker 

to bound agent greater than the primary amine. In addition, unmodified UiO-66 shows a 

VX hydrolysis half-life of 90 min, which significantly larger than unmodified UiO-67. This 

reduction in catalytic activity of UiO-66 may be due to steric crowding about the Zr6 

cluster. Since UiO-67 has a longer linking chain, it prevents this steric crowding allowing 
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easier adsorption of agent molecules within the MOF. Based on results obtained for the 

decontamination of VX in buffer solution, UiO-67-N(Me)2 was tested in an aqueous 

solution without the aid of buffer and was proven to be the most reactive catalyst yielding 

a selective hydrolysis of the P–S bond half-life of 7 min.  

Peterson et. Al., studied the same materials (UiO-66 and UiO-67 with amino 

functionalized linking ligands) and have observed conversions of DMNP and soman near 

100% within the first three minutes25. For DMNP, the hydrolysis half-life was found to be 

25 and 0.9 min for UiO-66 and UiO-66-NH2, respectively and 3.5, 1.9, and 1.5 min for 

UiO-67, UiO-67-NH2, and UiO-67-N(Me)2, respectively. There is significant difference 

between the reactivity of UiO-66 and UiO-67. UiO-66 has an average pore aperture size of 

6Å, while DMNP has kinetic dimensions of 4.5 x 11 Å which makes diffusion inside the 

MOF structure very difficult. Therefore, reaction on UiO-66 mostly occurs on its surface. 

Since UiO-67 has an approximate pore aperture size between 8 and 11.5 Å, DMNP can 

diffuse easier within the MOF structure having much more reactive sites available, thus 

increasing reactivity significantly. Similar to Moon et. Al., findings, UiO-67 catalysts with 

amine functional groups showed to be the most reactive23.  

Li, et. Al. worked on studying how methyl-paraoxon hydrolysis reactivity is 

impacted by MOF particle size71. In this case, NU-1000 was used in particles sizes that 

range from 75 to 15,000 nm. Particles size distributions (PSD) obtained from density 

functional theory (DFT) calculations show that the ratio between mesopores (31Å) and 

micropores (10Å) increases as the size of NU-1000 nanocrystals decreases.  Results show 

that as mean particle size decreases, the hydrolysis of methyl-paraoxon significantly 

increases.  
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Mondloch et. Al., studied the effect that dehydrating MOF structure has on the 

hydrolytic catalysis of DMNP and GD using NU-100022. By treating the catalyst at 300 ºC 

terminal aquo and hydroxo ligands were removed and converted bridging hydro to oxo 

groups (NU-1000-dehyd). The hydrolysis half-life of DMNP appeared to be 1.5 min 

achieving complete conversion in about 10 min when using NU-1000-dehyd. By 

dehydrating the MOF structure of NU-1000 four of the six ZrIV ions are six-coordinate or 

coordinatively unsaturated Lewis-acidic ions. Therefore, two-thirds of metal-ions within 

the MOF crystal are potentially available as active sites, a large amount when compared to 

UiO-66. Experiments suggest that one key step in the hydrolysis mechanism involves P=O 

binding at these ZrIV Lewis-acidic centers in the MOF crystal. Thus the enhancement in 

reactivity of NU-1000-dehyd. 

Table 1-3 shows selected references of MOF that have been studied for CWA 

decomposition.  

Table 1-3. Summary of studies on MOF against various CWA/simulants 

MOF Agent 

Tested 

Environment Reference 

UiO-66-Li-tert-BuO DIFP 

DMMP 

CEES 

Aqueous Lopez, E., et Al. (2015)72 

Cu-BTC DECNP 

DEClP 

Sarin 

Chloroform Roy, A., et Al. (2013)73 

NH2-MIL-101 (Al)-

PIB 

DIFP H2O Bromberg, L., et Al. (2012)74 

UiO-67 pNNP 1,4-dioxane, aqueous Nunes, P., et Al. (2015)75 

NU-1000 DMNP Aqueous Mondloch, J. E., et Al. (2015)76 

PCN-222/MOF-545 DMNP 

CEES 

Methanol, N-

ethylmorpholine 

Liu, Y., et Al. (2015)77 

NU-1000 Paraoxon N-ethylmorpholine 

solution 

Li, P., et Al. (2015)78 

UiO-66 Paraoxon N-ethyl-morpholine Katz, M.J., et Al. (2015)79 

PCN-222/MOF-545 CEES Methanol Liu, Y. et Al., (2015)80 

UiO-67 DMNP N-ethyl-morpholine Peterson, G.W., et Al. (2015)81 
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Soman 

UiO-67 VX N-ethyl-morpholine/ 

aqueous 

Moon, S.Y., et Al. (2015)21 

H3PW12O40 inside 

NU-1000 

CEES Acetonitrile Buru, C. T., et. Al. (2017)19 

UiO-66 Paraoxon Methanol or Water Katz., M. J., et. Al. (2014)20 

PMMA/Ti(OH)4/ 

UiO-66 Composite 

Paraoxon Water McCarthy, D. L., et. Al. 

(2017)82 

MOF-808-activated DMNP Water Moon, S. Y., et. Al. (2015)23 

CuBTC VX 

HD 

GD 

In NMR rotor Peterson., G. W., et. Al. 

(2013)83 

 

1.2.6 Zeolites as catalysts for the decomposition of CWA 

Cojocaru, et. Al., have reported the photocatalytic oxidative decomposition of HD 

under various catalysts including zeolite Y with Mn2+ and Fe3+ phthalocyanines (MPc) 

trapped within zeolite Y’s cavities under UV light. They report that the main reaction 

products found SO2, CO2, HCl, H2O, bis(2-chloroethyl) sulfoxide, bis(2-chloroethyl) 

sulfone, and bis(2-chloroethyl) disulfide84. Based on the reaction products they suggested 

that light absorption induces the generation of a radical cation of HD, which reacts with 

ambient oxygen to produce sulfoxides or induce S-C bond scissions. In the first route with 

the assistance of the photo-activated catalyst, the thiol radical is oxidized directly to CO2, 

SO2, and HCl. In the second route, the thiol radical undergoes an oxidative dimerization, 

resulting in disulfides that eventually for sulfoxides and sulfones when encountered with 

hydrogen peroxides.  

Kanyi, et. Al., propose that when CEES is exposed to dry NaX it strongly adsorbs 

to an oxygen from the zeolite framework removing the chloride from CEES to form a 

framework-bound ethyl ethyl sulfide carbocation (framework ethoxy ethyl sulfide).85 Upon 

addition of water, the framework-bound ethyl ethyl sulfide carbocation hydrolyzes to 2-

hydroxyethyl ethyl sulfide (HEES), a compound that is significantly less toxic and does 
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not possess the vesicant properties of HD. This reaction appears to be from the direct 

hydrolysis of the framework ethoxy ethyl sulfide species to form HEES and an acid zeolite 

site. The same authors on another publication proposed the hydrolytic decomposition of 

DFP in the presence of NaX and show that DFP either in dry conditions or in the presence 

of water86. DFP undergoes an elimination reaction in the dry zeolite. In the presence of 

water, DFP undergoes zeolite-catalyzed water hydrolysis via attack at the ester carbon, a 

mode of hydrolysis that differs from the typical P–F bond cleavage in solution chemistry 

in the absence of zeolite.  

Wagner, et. Al., reported on the reactions between NaY and AgY zeolites against 

VX, HD, and their simulants87. It was reported that NaY was not a suitable catalyst against 

the decomposition of HD as it produces toxic compounds thiodiglycol (TG) and 

chlorohydrin (CH), but is effective against VX as it produces the non-toxic ethyl methyl 

phosphonic acid (EMPA). HD reacted faster on NaY (via hydrolysis) than on AgY, but 

formed toxic CH-TG whereas on AgY, HD undergoes both elimination of HCl to form 

divinyl sulfide and hydrolysis followed by cyclization to yield 1,4-thioxane. AgY 

effectively decontaminates HD, whereas NaY does not. On NaY, only a slower, simple 

hydrolysis is observed for VX. Hydrolysis of the P – O bond in VX is not observed on 

either AgY or NaY, thus avoiding formation of toxic products. 

Yang, et. Al., studied the decomposition of DMMP on NaX zeolites and found that 

there is strong adsorption of DMMP in NaX88. In addition, there is substantial DMMP 

decomposition when in the presence of small amounts of water molecules per zeolite cage. 

The decreasing tendency for DMMP decomposition in the presence of H2O may be 

explained by the electron withdrawing character of the H2O via H-bonding to the 
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framework oxygen atoms. This lessens the electron-donating nucleophilicity of the 

framework oxygens. H2O coordination to the supercage Na+ may also serve to lessen its 

ability to stabilize the leaving group phosphonate-1 and phosphonate-2 anions.  

Table 1-4 shows selected references of MOF that have been studied for CWA 

decomposition.  

Table 1-4. Summary of studies on MOF against various CWA/simulants 

Reactive Material Agent Tested Environment Reference 

Ag-Z Micromotor DECP Aqueous Singh, V. V., et al. (2015)89 

Silicalite-1 

NaZSM-5 

CEES Oxygen Stout, S. C., et al. (2007)90 

NaX CEES Oxygen Kanyi, C. W., et Al. (2009)85 

NaX DMMP D2O Yang, S. W., et Al. (2006)88 

NaY 

AgY 

VX 

HD 

Injected into 

catalyst 

Wagner, G. W., et Al. (1999)91 

NaY-Ionic Liquid 

Polymer Composite 

CEES Aqueous Hudiono, Y. C., et Al. (2012)92 

Manganese 

phthalocyanine on 

NaY support 

HD Air Cojocaru, B., et. Al. (2008)84 

Mn/zeolite-13X Diethyl 

sulfide 

Air/O3/water 

vapor 

Ramkrishna, C., et. Al., (2017)93 

 

1.3  Current Technology for CWA Decomposition 

Protective materials against chemical warfare agents (CWA), such as nuclear, 

biological and chemical (NBC) protective clothing, have been evolving from impermeable 

butyl rubber-based materials to permeable polyurethane foams mixed with activated 

carbon.94 Current technology for the defense against CWA involves the use of a layer of 

highly porous activated carbon that efficiently traps the CWA molecules within itself. One 

of the challenges in designing protective wearable gear is the ability of the material to 

quickly permeate sweat and dissipate heat while blocking penetration of CWA through the 

protective material. Butyl rubber-based materials, such as earlier generations of NBC 
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protective clothing, are excellent at blocking hazardous chemicals, since they are 

impermeable, but are not able to dissipate heat or sweat from the body causing serious heat 

strain.95 One of the most promising technological developments includes the Joint Service 

Lightweight integrated Suit Technology (JSLIST), a multilayered semipermeable 

adsorptive textile, as it provides improved chemical protection, more mobility for the user, 

and heat stress reduction features.96 Another challenge is to incorporate components with 

high capacity to adsorb hazardous substances or catalytic materials within substrates to 

allow for CWA decomposition as they diffuse through the membranes. Activated carbon is 

relatively inert towards the decomposition of CWA at room conditions, such that in the 

event the user has a garment contaminated with CWA, the agent remains live while trapped 

in the pores of the activated carbon layer97. Since current technology faces some practical 

challenges, it is of interest to study new materials that can be water-permeable while 

hindering/blocking the diffusion of CWA, mechanically stable, and easy to incorporate into 

military garments or other textiles designed for chemical protection.  

1.4 Multi-Catalyst Polyelectrolyte Membrane Design 

A plethora of catalysts have been studied for decomposition of CWA but only a few 

can be used in practical environments. Catalysts should be stable at ambient conditions, 

able to catalyze without the aid of solvents and decompose CWA quickly. These aspects 

are very important since the end goal is to develop a multi-catalytic system that can be 

incorporated within military uniform fabrics that will be used under harsh environments. 

Moreover, heat buildup within the suit remains an issue, and activated carbons can adsorb 

limited quantities of chemical agent before they lose effectiveness. Therefore, new 

semipermeable membrane barrier materials that could reject chemical agents but allow 

sweat to pass through97. These membranes must provide high water vapor permeability and 
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be impermeable to CWAs. The systems protective capabilities will arise from the blocking 

of CWA diffusion through the membrane and by catalyzing their decomposition. For this 

purpose, we designed a self-detoxifying perm-selective multi-catalyst polyelectrolyte 

membranes (MC-PEM). Combining nano-segregating PEMs that trap/absorb toxic agents 

and allow water permeability and multicomponent catalysts that facilitate decomposition 

of toxic agents by hydrolysis or oxidation. The designed MC-PEM barrier as shown in 

Figure 1-3, will employ at least two different catalytic agents: metal oxide catalytic 

nanoclusters created within the membrane pores by an in-situ metal-oxide growth 

procedure to provide G-agent decomposition and polyoxometalate catalysts deposited at 

the outer surface via layer-by-layer deposition to provide H-agent decomposition and 

colorimetric sensing. 

 

Figure 1-3. Schematic of designed multi-catalyst polyelectrolyte system for CWA protection. 
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CHAPTER 2. Objectives and Research Approach 

2.1 Characterization of in-situ Growth of MONP in PEM 

As described in Section 1.3, current technology for the defense against CWA 

involves the use of a layer of highly porous activated carbon that efficiently traps the CWA 

molecules within its volume. Challenges with the current technology include the 

hydrophobicity of carbon, which causes the users to suffocate because sweat cannot 

permeate through the carbon layer of the garment. In addition, activated carbon is relatively 

inert towards the decomposition of CWA at room conditions, such that in the event the user 

has a garment contaminated with CWA, the agent remains live while trapped in the pores 

of the activated carbon layer. Since current technology faces some practical challenges, it 

is of interest to study a substrate that can be water-permeable while hindering/blocking the 

diffusion of CWA, mechanically stable, and easy to incorporate into military garments. 

2.2 Hydrolytic Decomposition of CWA and Simulants 

It is well documented in literature that MONP nanoclusters are capable of 

hydrolyzing G-type agents quite effectively6, 44, 98. Giannakoudakis, D., et. Al. report that 

there is near instant decomposition of VX and simulants8. Vernekar, et. Al. report half-

lives of 17.8 min for the hydrolysis of paraoxon at room temperature against nano-ceria 

with induced surface defects31. Since it has been demonstrated that MONP are effective 

against the hydrolysis of G-type agents, these systems will be implemented towards the 

construction of the MONP-PEM composites.  

It is of great importance that the reactivity of CWA be as close to instant as possible. 

Given that in the event that the smallest amount of CWA penetrate the proposed barrier 

may lead to serious implications on the well-being of the person using this technology, it 
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is a priority that this material be rigorously tested. The goal is to design a material that can 

trap CWA within its substrate, react quickly and have the capabilities of being reusable.  

2.3 Photo-Oxidative Decomposition of CWA and Simulants 

It is desired to develop sensors that can selectively detect the presence of CWA to 

alert users to the threat of such exposure. Such sensors must be chemically and thermally 

stable as well as being able to quickly respond to any potential CWA air-borne threats. 

Several POM candidates have been known for their capabilities to change color when H-

agents are adsorbed at the surfaces of these crystalline surfaces. We consider the use of 

K5CoW12O40 as a potential sensor. Not only can this material change colors from yellow 

to blue (when an H-agent is adsorbed) but it can also serve as a photo-oxidizing agent for 

H-agents.  

2.4 Transport Properties and Protective Capabilities of PEM Composites 

Transport properties of CWA through membrane or fabric systems are of paramount 

importance when designing protective textiles, as they determine the level of protection 

when exposed to these agents. Understanding the behavior of CWA/CWS through barriers 

enables the designer to devise clever ways to enhance the protective qualities of the 

materials involved in the protective fabric. Our goal is to develop a self-decontaminating 

barrier that would hinder the diffusion of CWA while providing catalytic centers for the 

decomposition of such agents. 
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The proposed research approach to accomplish the above objectives can be summarized as 

follows: 

 Thorough understanding on the growth of MONP within PEM and the factors that 

influence such growth 

 Production of MONP-PEM composites with homogeneously distributed MONP 

 Characterize particle size, morphology and MONP content within PEM 

 Thorough understanding on the reaction mechanisms involved in the hydrolysis of 

CWA on MONP and MONP-PEM systems. 

 Production of bulk (crystalline and mesoporous) MONP and MONP-PEM composites 

 Rigorous analysis on how surface chemistry of catalysts improves their hydrolytic 

capabilities 

 Thorough understanding on the reaction mechanisms involved in the oxidation of CWA 

on POM clusters 

 Rigorous analysis on the colorimetric sensing and oxidative capabilities of POM 

 Study the transport properties of MONP-PEM composites against CWA 
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CHAPTER 3. Materials & Methodology 

3.1 Materials 

All chemicals pertaining to this research were obtained through Sigma Aldrich and 

were reagent grade with a purity higher than 98%, unless specified otherwise, and all 

chemical solutions were prepared in deionized (DI) water. Nafion® 117 membranes were 

obtained through Ion Power and Nexar MD9200 membranes were obtained through 

Kraton. 

3.1.1 Solvent Casting of NexarTM & SEBS Films 

A 1-L bottle of NexarTM MD9200 solution was provided by Kraton and used as 

received. 30 mL of NexarTM MD9200 solution were added to 100 mL of tetrahydrofuran 

(THF) and solution was kept under vigorous stirring overnight. Once solution was 

thoroughly mixed 30 mL of solution were added to a Teflon dish and a P2 filter paper was 

put on top to cover the Teflon dish to slow the rate of THF evaporation in order to make 

mechanically strong NexarTM films. These solutions were casted at room conditions 

overnight and were washed in DI water to remove any excess solvents. Films recovered 

had an average thickness of 250 μm. 

SEBS solutions were obtained from Sigma Aldrich and used as received. 10 mL of 

SEBS (5 wt. % in dichloroethane and 1-propanol) were added to a Teflon dish, similarly 

to NexarTM, covered with P2 filter paper and let solvent evaporate overnight. Films 

recovered had an average thickness of 210 μm. 

3.1.2 Synthesis of in-situ grown MONP in PEM 

Synthesis of MONP within PEM started by submerging pre-cut membranes (1 inch 

by 1 inch cuts) in 1 M HCl for 1-hour at room conditions to remove any impurities. 

Afterwards, membranes were washed in DI-water to remove excess HCl. After this step 



24 

 

 
 

samples were named “PEM-H+” where “PEM” represents either Nafion, SEBS, or Nexar 

(i.e.: Nafion-H+). Once membranes were treated with HCl, they were submerged into a 

metal-impregnation step, using 0.05M solution of metal-nitrate [Zn(NO3)2·6H2O, 

Ce(NO3)3·6H2O, ZrO(NO3)2·xH2O] for 1-hour at room conditions and were named “PEM-

Mn+” where “n” is the valency of the metal in solution (i.e.: Nafion-Zn2+). Excess salt 

solutions were removed by washing membranes in DI-water and drying with Kim-wipes. 

Membranes were then submerged into a hydrolyzing step, where metal ions become metal-

hydroxides, in a 0.5 M solution of NaOH at 60 ˚C for 1-hour and excess NaOH solution 

was removed by washing membranes in DI-water and drying with Kim-wipes. Samples 

after this step were named “PEM-M-OH” where “M” denotes the metal that was 

impregnated in PEM (i.e.: Nafion-Zn-OH). Finally, membranes were put in a muffle 

furnace at 100 ˚C, to induce a dehydration on MONP, for 1-hour and the resulting samples 

were named “PEM-MO” (i.e.: Nafion-ZnO). 

3.1.3 Synthesis of ex-situ grown MONP and oxygen vacancy induction 

Synthesis of ex-situ MONP was performed by mixing 100 mL of 0.05 M of metal-

nitrate solutions with 100 mL of 0.5 M NaOH. Metal nitrate salts hydrolyzed forming 

metal-hydroxide precipitates. The precipitates formed were decanted and washed with 

water while filtering. Finally, the resulting powders were dried at 100 ˚C and annealed at 

various specified temperatures. For oxygen vacancy-induced MONP31, prior to annealing, 

they are suspended in a 1 M solution of H2O2 at 70 ˚C for two hours, filtered, and then 

annealed at specified temperatures. 

3.1.4 Synthesis of Mesoporous Metal-Oxides 

Synthesis of mesoporous metal-oxides was performed by using SBA-15 as a hard-

template and dissolving the template to obtain the resulting mesoporous metal-oxide. The 
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synthesis procedure used can be found elsewhere99. The procedure to synthesize SBA-15 

consisted of mixing 27.8 g of Pluronic® P-123 (P123) with 504 g of water (where P123 

was melted beforehand at 70 ˚C for 20 minutes) until a homogeneous solution was 

obtained. Then 15.5 g of 37% HCl solution were added to solution while under vigorous 

mixing until P123 was completely dissolved and brought to room temperature and left 

mixing overnight. 60 g of tetraorthosilicate (TEOS) were added to solution and mixture 

was stirred at 35 ˚C for 24 hours. Hydrothermal treatment was done by heating solution to 

100 ˚C for 24 hours in a sealed container. Precipitate obtained was filtered using a vacuum 

pump and was calcined at 550 ˚C for 10 hours to remove surfactant. 

Once SBA-15 was obtained, an incipient wetness impregnation-calcination method 

was used to make mesoporous metal-oxides. The procedure consisted of dissolving metal-

nitrate salts in ethanol and mixing with SBA-15 by ultra-sonicating for 30 seconds. Ethanol 

was evaporated at 50 ˚C overnight. The resulting powder was calcined at 200 ˚C for 4 

hours. This powder was then mixed again in an ethanol-metal-nitrate salt solution (for 

double metal-ion impregnation) and the same mixing and calcining procedure was 

performed and further calcined to 500 ˚C for 6 hours. Finally, the silica from the SBA-15 

template was dissolved by using 2 M NaOH at 70 ˚C overnight and the mesoporous metal-

oxide was retrieved by centrifugation and filtration. 

3.1.5 Synthesis of K5CoW12O40·20H2O POM 

The synthesis of K5CoW12O40·20H2O used can be found elsewhere100. 19.8 g of 

Na2WO4·2H2O were dissolved in 40 mL of deionized (DI) water and glacial acetic acid 

was added dropwise until the pH of the solution reached was 7.0. In a separate flask 2.5 g 

of Co(C2H3O2)2·4H2O were dissolved in 12 mL of DI water and 5 drops of glacial acetic 
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acid were added. The Na2WO4 was heated until boiling and the Co(C2H3O2)2 was added 

all at once under vigorous stirring conditions and the resulting solution was left mixing at 

boiling conditions for 15 minutes. 13.0 g of KCl were added to the solution and was let to 

cool down at room temperature overnight. The precipitate was filtered and was added to 

40 mL of 2 M H2SO4 and was heated for 5 minutes. The resultant solution was filtered to 

remove any undissolved solids and was heated until boiling under vigorous stirring. K2S2O8 

was added to the boiling solution in increments of 0.5 g until the solution turned gold and 

an extra 1.0 g after solution turned gold. Finally, the gold solution was put in an ice bath to 

crystalize the final product and was eventually filtered. 

3.2 Methods 

3.2.1 Manipulation of morphology and particle size distribution of in-situ grown 

MONP within PEM  

When subjecting PEM to the in-situ growth of MONP procedure, as described in 

section 2.1.2, initially all solutions used were aqueous-based. For the morphological 

manipulation of the MONP crystal growth within PEM, the original metal nitrate solutions 

and sodium hydroxide solutions now had increasing amounts of alcohol present in the 

solution. Methanol (MeOH), ethanol (EtOH), 1-propanol (1-PrOH), and 2-propanol (2-

PrOH) were added to 0.5 M of metal nitrate and sodium hydroxide solutions while all other 

conditions remained the same for the in-situ synthesis of MONP within PEM. For the 

particle size distribution (PSD) manipulation of MONP within PEM, a weaker base was 

used during the hydrolyzing step. Instead of using sodium hydroxide, an ammonium 

hydroxide solution was used while all other experimental parameters remained as described 

in section 2.1.2. 
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3.2.2 Evaluation of the POM detoxification performance against CEES and EES vapors 

3.2.2.1 Vials-in-Vial closed vapor adsorption system 

The adsorption of CEES or EES vapors was studied in batch experiments. Two 1 

mL glass vials, the first containing 20 mg of the sample and the other containing 20 µL of 

the surrogate (liquid phase) were introduced into a 20 mL reaction vessel closed. The vessel 

was hermetically sealed using a cap with a septum top. The containers were kept under 

visible light at room temperature for various intervals of time. The latter was done to allow 

the complete evaporation of the vapors in the container to ensure the equilibrium of any 

surface reaction, and to determine the maximum adsorption performance, and to monitor 

the evolution of the interactions. After specified predetermined reaction times, the 

containers were opened. The containers with the adsorbents were weighed directly, while 

they were also weighted after 1, 4, 6, 24, and 48 hours in air at atmospheric pressure. The 

mass gain as a result of the adsorption/desorption process recorded and expressed as a 

weight uptake (WU, mg/g). 

3.2.2.2 Gas Chromatography – Mass Spectrometry (GC-MS)  

The headspace of the closed vials-in-vial system was analyzed by GC coupled with 

a MS detector (Shimadzu Q5000). The chromatograms were recorded by injecting 40μL at 

50 °C, with a split ratio of 7. The column was heated from 50 to 340 °C at a rate of 40 

°C/min. Helium was used a carrier gas. The eluting analytes were detected and 

characterized by mass spectrometry with electron ionization. 

3.2.3 Surface area and porosity analysis  

Surface area and total pore volume of samples were obtained from an Autosorb-1 

N2 gas adsorption instrument (Quantachrome Instruments). Adsorption/desorption 

isotherms were obtained at 77 K and 79 points were recorded including 11-points for BET 

surface area analysis using Quantachrome’s Autosorb software version 1.55. Pore size 
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distributions were calculated using a cylindrical pore non-local density functional theory 

(NLDFT) model, based on the adsorption branch with N2 at 77 K adsorption isotherm 

kernel. Outgassing was performed at 300 °C for three hours. 

3.2.4 Structural and morphological characterization 

3.2.4.1 X-ray diffraction (XRD)  

X-ray diffractograms were obtained using a Phillips XPert diffractometer (Bragg-

Brentano geometry) with a CuKα anode (1.5405 Å). The instrument was operated at 45kV 

and 40mA with a 0.02 °/step acquisition rate with a dwell time of 2 seconds/step from 2θ 

angles over the range of 10 ° to 90 ° using a 0.3 mm fixed receiving slit. The software used 

to collect x-ray diffractograms was X’Pert Data Collector version 2.0e. 

3.2.4.2 Scanning Transmission Electron Microscopy (STEM)  

A high-resolution scanning-transmission electron microscope (Nion UltraSTEM) 

was used to obtain images of MONP within PEM substrates under a 60kV accelerating 

voltage in ultra-high vacuum (UHV) conditions. 

3.2.4.3 Transmission Electron Microscopy (TEM)  

Transmission electron micrographs were obtained by a JEOL 1200EX electron 

microscope with AMT-XR41 digital camera with an accelerating voltage of 80 kV and 2-

seconds sample exposure time. Samples were supported on lacey carbon type-A 300 mesh 

copper grids.  

MONP-PEM membranes were pulverized using a dremmel with a sandstone to 

grind the samples into a very fine powder that was later transferred into 1 mL of ethanol 

(EtOH) and sonicated for 5 minutes. Three drops of the suspension were added to a TEM 

copper grid and allowed to air-dry prior to using STEM. All other powder samples were 

treated the same as pulverized MONP-PEM samples. 
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3.2.4.4 Thermogravimetric Analysis (TGA)  

Thermogravimetric analysis (TGA) was performed in a Perkin Elmer Pyris TGA 7 

with approximately 2 mg of sample starting at 50 °C using a 5 °C/min ramp rate up to 800 

°C with a nitrogen-flowrate of 20 mL/min. 

3.2.5 Surface chemistry and chemical analysis 

3.2.5.1 Field-Emission Scanning Electron Microscopy (FESEM) with Energy-Dispersive X-Ray 

Spectroscopy (EDX)  

FESEM micrographs and elemental maps were obtained by a Zeiss Sigma Field 

Emission SEM with Oxford INCA PentaFETx3 EDS system (Model 8100) with an 

acceleration voltage of 20 kV and an aperture of 60 μm. 

3.2.5.2 Thermal Analysis (TA) coupled with Mass Spectrometry (MS) 

Thermogravimetric (TG), differential thermal (DTA) and derivative 

thermogravimetric (DTG) analyses were obtained under helium atmosphere using a 

thermal analyzer (SDT Q600, TA instruments). The materials were heated from room 

temperature up to 1000 ºC, at a rate of 10 ºC/min. The flow of ultra-dry He was 100 

mL/min. The released gases during the thermal analysis were simultaneously analyzed 

using a gas analysis system (Omnistar GSD 320, Pfeiffer Vacuum). Based on it, thermal 

profiles for target m/z (17, 35, 44, 64, 73, and 75) were recorded. 

3.2.5.3 X-Ray Photoelectron Spectroscopy (XPS) 

XPS analysis was carried out a Thermo Scientific K-Alpha XPS spectrometer with 

non-monochromatic Al Kα radiation (1486.7 eV) with a 128 channel detection system 

using a 400 μm diameter analysis area. The Thermo Scientific Avantage software package 

(version 5.981) was used for acquisition and data analysis. A Shirley-type background was 

subtracted from the signals. Recorded spectra were fitted using Gauss–Lorentz curves with 
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an L/G ratio of 0.3, in order to determine the binding energy of the various components of 

each element core level. The instrumental resolution of the spectrometer is 0.5 eV. 

3.2.5.4 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Quantitative 31P NMR spectra was obtained by a Varian NMRS 500 MHz using 64 

scans with a 1-second delay in decoupled + NOE mode. For all spectra obtained, a 100 μL 

sample was added to 500 μL of 0.05 M solution of trimethylphosphate (TMP) in deuterated 

water.  

3.2.6 Optical properties analysis 

3.2.6.1 Diffuse reflectance Ultraviolet-Visible-Near Infra-Red (DRUV-Vis-NIR) 

DRUV-Vis-NIR spectra were obtained between 200 and 1000 nm by using an 

Evolution 300 UV-Vis Spectrometer (Thermo) with a micro sample cup inside a Praying 

Mantis diffuse reflectance sphere (Harris).  

3.2.6.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 

The in situ IR spectra were recorded with a Nicolet 6700 (Thermo Electron Corporation, 

Madison, WI) spectrometer equipped with a MCT-A (HgCdTe) detector cooled with liquid 

N2, and with a diffuse reflection accessory (DiffusIR, Pike Technologies, Madison, USA) 

and a diffuse reflectance cell (DiffusIR environmental chamber, Pike Technologies, 

Madison, USA). For the DRIFT analysis, the resolution was 2 cm-1, and 128 transients 

were acquired per spectrum to provide a good balance between signal-to-noise and decent 

time resolution. 
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CHAPTER 4. Characterization of in-situ Growth of MONP in 

PEM 

This chapter is based on work that has been published to the references shown 

below, and was used with written permission of publishing company: 

 J. Landers*, J. Colón-Ortiz*, et. Al., In situ growth and characterization of metal 

oxide nanoparticles within polyelectrolyte membranes, Angew. Chem., Int. Ed., 

2016, 55, 11522 

* Equally contributing first authors 

4.1 In-situ Growth of ZnO within PEM 

The homogenous distribution of in-situ formed MONP within PEM substrates is of 

vital importance for providing the maximum CWA protection that can be achieved with 

such system. However, the in-situ growth of MONP within PEM is influenced by the 

substrate’s properties. Such properties include the solubility of the solvent in PEM, the 

micro- and nano-structure of PEM used and chemical environment within the hydrophilic 

nano-phases where the in-situ growth of MONP occurs. All these parameters ultimately 

impact critical attributes of MONP in PEM, such as MONP morphology, particle size 

distribution (PSD) and catalytic activity. It is hypothesized that in a hydrated nano-

segregated ionomer substrate, such as Nafion, growth of MONP is inhibited by the 

confining geometry of hydrophilic domains, elastic resistance of the polymer network, as 

well as by severe diffusion limitations in the hydrophilic subphase. As crystal nucleation 

occurs and nano-crystals grow, they experience steric forces due to the walls of the ionic 

domains as the crystal is big enough forcing the crystal growth to stop and yield nano-

crystals close to the characteristic volume of the ionic domains. When the PEM has a high 
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solubility to organic solvent, it is hypothesized that the characteristic volume and shape of 

the ionic domains change, which in turn would favor the growth of nanocrystals of different 

morphology based on the geometrical change of the ionic domains due to solvent solvation. 

To study how PEM physical and chemical properties affect MONP in-situ growth in 

substrates, three kinds of PEM are proposed as candidates, which contain varying degrees 

of density of ionic moieties per polymer chain: Nafion (grafted copolymer), SEBS (tri-

block copolymer), and Nexar MD9200 (penta-block copolymer). 

The general scheme of formation of metal oxide nanoparticles within PEM substrates 

are as follows: First, a 1 inch by 1 inch piece of PEM, such as Nafion, is impregnated with 

an aqueous solution of zinc nitrate solution. Zn2+ ions cluster within the hydrophilic 

domains via ion-exchange with the sulfonated side chains of the PEM. After allowing the 

films to saturate with Zn2+ ions, the ionic clusters are converted to metal hydroxide 

nanoparticles, via hydrolysis, by placing the membrane in the presence of a strong base 

(0.5 M NaOH) at 60 ºC. Due to a limited supply of Zn2+, ions continue to hydrolyze to 

form nanoparticles inside the membrane. The final step involves heating the membranes at 

100 ºC for duration of 24 h in order to initiate the condensation reaction of the metal 

hydroxides nanoparticles to metal oxide nanoparticles. This procedure is currently 

undergoing a patent application process in which a provisional patent application has been 

granted.101 
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X-ray diffraction data was acquired to corroborate the presence of ZnO 

nanoaggregates as shown in Figure 4-1. One can observe that Nafion, Nexar and SEBS do 

have the characteristic peaks of hexagonal lattice ZnO as they match the superposed peaks 

of reference bulk ZnO. Once the presence of ZnO was confirmed by XRD, electron 

microscopy techniques were used to image and quantify the size of the ZnO nanoclusters 

within the PEM substrates. In Figure 4-2, it can be observed the ZnO particle size 

distribution within PEM substrates. ZnO nanoparticles range from 2 to 16 nm and have a 

spherical-like shape in Nexar-ZnO samples. SEBS – ZnO samples host the most 

homogeneously distributed ZnO nanoclusters as the distribution varies from 3 – 8 nm. 

Nafion – ZnO samples PSD ranges from 6 to 22 nm. Although all PEM (Nafion, Nexar 

and SEBS) were subjected to the same conditions for the in-situ growth of ZnO, it can be 

clear that the microstructure of the polymer does play an important role. The PSD of MONP 

Figure 4-1. X-ray diffractograms of Nexar-ZnO (black), SEBS-ZnO (red), Nafion-ZnO (green) and 

reference bulk ZnO (blue). 
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within PEM can be used as one design factor to help choose the appropriate PEM for the 

desired application.  

Another property of interest of the PEM-MONP system is the amount of ZnO 

within the substrate per mass of membrane. To analyze the content of ZnO within PEM or 
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Figure 4-2. TEM micrographs of ZnO in PEM substrates (left) and their respective ZnO particle size distributions (right): 

(a) Nexar-ZnO, (b) Nexar-ZnO PSD – n=70, (c) SEBS-ZnO, (d) SEBS-ZnO PSD – n=150, (e) Nafion-ZnO, (f) Nafion-ZnO 

PSD – n=50. 
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“ZnO loading” thermogravimetric analysis (TGA) was used on PEM-H+ samples, PEM 

Zn2+, and PEM-ZnO. TGA experiments were under specified conditions in Section 3.2.4.4. 

The amount of ZnO within PEM was calculated by subtracting the residual weight 

of PEM-ZnO at 600 °C against the weight of PEM-Na+ and PEM-H+, see Figure 4-3. The 

average amount of ZnO within PEM substrates was approximately 7.7%, 6.1%, and 3.5% 

(w/w) for Nexar, SEBS and Nafion, respectively. The amount of ZnO within PEM directly 

correlates with the IEC of each polymer substrate, as the higher the IEC the greater the 

amount of ZnO within PEM (IEC for Nexar, SEBS and Nafion are 2.0, 1.62, and 0.91 

meq/g, respectively). The maximum theoretical amount of ZnO that could be “loaded” 

Figure 4-3. TGA thermographs of SEBS-H+ (black), SEBS-ZnO (magenta), Nexar-H+ (green), Nexar-ZnO (brown), 

Nafion-H+ (blue), Nafion-ZnO (red) 
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within PEM hydrophilic sub-phases was estimated based on the IEC of PEM and assuming 

complete metal-ion exchange and that all Zn2+ ions convert to ZnO. These calculations 

yield a maximum amount of 8.1%, 6.6%, and 3.7% (w/w) of ZnO within Nexar, SEBS and 

Nafion, respectively. Therefore, one can calculate the degree of metal-substitution and 

conversion of ZnO within PEM by dividing the amount of ZnO found experimentally by 

the maximum theoretical amount, which in this case results in approximately 95% 

conversion to ZnO across all PEM. This suggest that the vast majority of the sulfonated 

sites do substitute the H+ proton to the Zn2+ proton and subsequently Zn2+ is converted to 

ZnO. 

4.2 Manipulation of in-situ Grown ZnO Particle Size Distribution within PEM 

An attempt to control particle size of MONP within PEM was done and by changing 

the hydrolyzing base used for the formation of metal-hydroxides within PEM. As the 

strength of the hydrolyzing base decreases, the rate at which the metal-hydroxides are 

formed and grow also decreases. Therefore, using a weaker base such as ammonium 

hydroxide (pH ~ 10) should yield smaller nanoparticles when compared to using sodium 

hydroxide (pH ~ 14) for the same amount of time. In Figure 4-4 it can be observed that 

when using two different bases (NaOH and NH4OH) in the formation of ZnO in Nafion 

117 membranes, ZnO nanoparticles have quite different particle size distributions. TEM 

images show that when Nafion-ZnO membranes were treated with NaOH, the average 

particle size is within 15-20 nm. On the other hand, when Nafion-ZnO membranes were 

treated with NH4OH the average particle size is within 3-6 nm, which is 3-5 times smaller. 
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There are two possible explanations for this phenomenon. One possibility is that in 

the hydrolysis reaction between the metal-cation and the base, Equation 1, there is a kinetic 

factor involved. 

𝑍𝑛2+
(𝑎𝑞) + 2𝑂𝐻−

(𝑎𝑞) → 𝑍𝑛(𝑂𝐻)2 (𝑠)                                    (4.1) 

The OH- ions from NaOH are all immediately available to participate in the 

hydrolysis reaction, as NaOH is a strong base, leading to a fast precipitation of zinc 

hydroxide. On the other hand, the OH- ions from NH4OH are not all immediately available 

as this base is much weaker than NaOH and the release of OH- is much slower and 

consequently leading to a slower growth of zinc hydroxide, yielding smaller nanocrystals. 

Another possibility is related towards the steric hindrance that the cations provide within 

the already confined hydrophilic sub-phases within the PEM, in which the crystal growth 

occurs. Since NH4
+ ions are much larger than Na+ ions, it might be possible that the bulky 

NH4
+ ions are providing an unfavorable steric hindrance towards the growth of the 

nanocrystal, forcing the crystal growth to halt due to an unfavorable environment caused 

by the electrostatics of the surrounding ammonium ions, yielding smaller nanocrystals. 

100 nm 100 nm 

Figure 4-4. TEM Images of Nafion-ZnO treated with NaOH (left) and Nafion-ZnO treated with NH4OH (right). Insets are 

particle size distributions of ZnO nanoparticles in each sample, left – n=50, right – n=100. 
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In Figure 4-5 UV-Vis spectra shows that the onset of absorption for Nafion-ZnO 

treated with NaOH is at about 370 nm, whereas for Nafion-ZnO treated with NH4OH has 

an absorption onset at about 350 nm. The acid form of Nafion has essentially no absorption. 

Based on the model developed by Pesika, et. Al.102 the average particle size of ZnO is about 

10 nm when treated with NaOH and about 4 nm when treated NH4OH. These results are in 

agreement with particle size distributions obtained from TEM images, noting that for 

NaOH treated sample, the model underestimates the average particle size by about 5 nm. 

Therefore, it has been demonstrated that by treating the membranes with a weaker base 

(NH4OH) in the hydrolyzing step of the in-situ synthesis protocol, one can achieve smaller 

nanoparticles. Further studies will include the extent at which particle size distribution can 

be controlled by using a variety of bases and solvents. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-5. UV-Vis spectra of Nafion-ZnO treated with NaOH (black), Nafion-ZnO 

treated with NH4OH (red), and Nafion in acid form (blue). 
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4.3 Manipulation of in-situ Grown ZnO Morphology within PEM 

An attempt to control the morphology of MONP within PEM was done by changing 

the solvent at which the in-situ synthesis is done such that the membrane would swell at 

different degrees causing the hydrophilic domains within the PEM micro-structure to 

change yielding MONP of different sizes and shapes.  

Crystallographic analysis of ZnO was performed by looking into the relative 

distribution between the {002} plane and the {100} surface facets of the Wurzite structure 

of the hexagonal-packed ZnO from XRD experiments. The main features displayed in the 

pattern are the three prominent peaks located at 2Ɵ ≈ 31.7° 34.4° and 36.2°, representing 

the three most thermodynamically stable crystallographic planes of the Wurzite structure 

(corresponding to the {101}, {002} and {100} planes, respectively), Figure 4-6. The 

integrated peak areas indicate that under aqueous conditions, the most prominent plane is 

the {100} plane, accounting for 45% of the total area among the three primary peaks. The 

integrated peak areas for the {101} and {002} planes meanwhile each represent 

approximately 27% and is indicative of the presence of zinc oxide nanorod seeds, defined 

by particles that have the {100} facet predominantly exposed, but has not reached the 

proper aspect ratio that would define a rod-like structure.  

Binary mixtures of water and 4 different alcohols (methanol, ethanol, 1-propanol and 

2-propanol) were chosen at 4 different concentrations in order to study the interplay 

between the swelling behavior of the host polymer and the growth dynamics of the 

inorganic phase. It was observed that during the in-situ growth there was a monotonic 

increase of swelling with the alcohol content and that swelling is more pronounced for less 

polar alcohols. This is attributed to the fact that binary mixtures of alcohol and water results 
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in a greater uptake than their pure components and that the enhanced swelling arises from 

the preferential solvation of the membrane backbone by the alcohol. XRD patterns and 

fitted peak areas for each condition are displayed in Figure 4-6. XRD analysis reveals that 

with the inclusion of any of the 4 alcohols, the peak representing the {101} plane of zinc 

oxide is no longer the most prominent but instead becomes subsidiary to the peak 

representing the {002} crystal plane. The insets for Figure 4-6 show the evolution of the 

fitted peaks for each condition. With increasing alcohol content there is a non-monotonic 

increase in the {002} plane that exceeds the growth of both the {101} and {100} planes, 

which corresponds to the formation of zinc oxide nanoplatelets. Interestingly, when zinc 

oxide is synthesized in the bulk solution (i.e. without the membrane) the integrated peak 

areas conform back to the ratio ascribed to the formation of zinc oxide without the presence 

of alcohol (i.e. the most prominent plane is the {101}). Changes in the hydrophilic domain 

structure may explain the preferred growth of the {002} plane of zinc oxide in alcoholic 

solutions. Within a given domain, the concentration and proximity of the sulfonated groups 

are assumed to be fixed.  

Similar work was performed on Nexar membranes to observe how the environmental 

changes impact the growth of MONP within PEM. Sorption of organic solvents within 

Nexar membranes has a significant impact in the size of its hydrophilic subphases given 

that these less polar solvents have a preference to interact with the more hydrophobic 

hydrocarbon backbone of Nexar. Alcohol sorption has been studied, particularly for 

pervaporation applications, and it has been shown that within C2 to C4 alcohols the smaller 

the carbon chain on the alcohol, higher solvent sorption and swelling occur within Nexar  
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substrates.103-104 Given that alcohol sorption affects the hydrophilic subphase of Nexar, it 

can be one factor that can be used to manipulate the in-situ ZnO crystal growth. Figure 4-

7(a) shows raw XRD data corresponding to the (100), (002), and (101) crystallographic planes. 

Raw XRD data was fitted by Gaussian curves and areas under the curves (AUC) were calculated. 

(°) (°) 

(°) (°) 

(°) (°) 

(°) (°) 

Figure 4-6. Wide-angle x-ray diffraction for zinc oxide – Nafion composites prepared with different binary solvent 

mixtures. The percent of alcohol in the binary mixtures are 20% (black), 40% (blue) 60% (green) and 80% (red). Top 

inset includes the fitted data for for the low index planes corresponding to composites prepared at different 

concentrations of alcohol. Y-axis displays the intensity and is in a.u. The bottom inset plots the evolution of the three 

primary surface planes as a function of alcohol content. The lines correspond to the following planes: solid line – 

{100}, dashed line – {002} and dotted line – {101}. 
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Figure 4-7(b) shows the fitted peaks of the hexagonal-lattice XRD of Nexar-ZnO treated in 

different amounts of methanol/water and its impact on the ZnO growth within the substrates. It can 

be seen that with increasing amounts of methanol, less intense are the three main peaks of 

hexagonal-lattice ZnO until no ZnO is observed within Nexar membranes at 80 % (v/v) 

methanol/water. In addition, the ratio of the AUC for (002)/(100) peaks decreases as methanol 

content increases, suggesting that  the presence of methanol favors the growth of aggregates 

resembling needle-shape structures rather than platelet-like aggregates. Crystallographic plane 

(002) seems to be particularly affected as its relative peak area has a negative correlation with 

increasing amounts of methanol, as it can be seen more clearly in the (002)/(100) relative peak area 

ratio. Moreover, the average ZnO aggregate size is also affected. Figure 8 (shows how the average 

aggregate size of ZnO within Nexar, 60 nm, decreases by a factor of 2 by increasing the methanol 

content to 60 % (v/v) while growing ZnO, demonstrating the ability to control the average size of 
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Figure 4-7. (a) Raw XRD diffractograms of Nexar-ZnO with varying amount of binary solvent/water composition: (black) 

control Nexar-ZnO, (red) 20 % (v/v) MeOH, (blue) 40 % (v/v) MeOH, (green) 60 % (v/v) MeOH, (magenta) 80 % (v/v) 

MeOH (b) Fitted XRD diffractograms of Nexar-ZnO with varying amount of binary solvent/water composition: (black) 

control Nexar-ZnO, (red) 20 % (v/v) MeOH, (blue) 40 % (v/v) MeOH, (green) 60 % (v/v) MeOH, (magenta) 80 % (v/v) 

MeOH. 
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ZnO nanoaggregates. No ZnO was observed for samples immersed in 80 % (v/v) methanol 

solutions. 

For Nafion membranes, the use of less polar alcohols resulted in a tendency to form 

larger zinc oxide particles exacerbated by higher alcohol contents. This increase in particle 

size is accompanied by a decrease in intensities for the higher index peaks (i.e. corners and 

edges) that appear in the XRD pattern. By comparing relative peak intensities for all peaks, 

it can be observed that the use of higher homologous alcohols led to a decrease in total 

intensities for the higher index planes. For example, the higher index peaks amounted to 

over 30% of the total peak intensity for all concentrations of methanol. This is contrary to 

the case of 2-propanol where the accumulated peak intensity amounted to 20% of the total. 

Thus it could be envisioned that although the {002} plane is more catalytically active in 

certain scenarios over the {101} plane, it comes at the consumption of highly active corners 

and edges. However, for Nexar membranes, the opposite result occurs. As there is an 

increase in the organic solvent, methanol, the {002} plane becomes less prominet to the 

extent of no growth of ZnO when using 80 % (v/v) of methanol solutions. 
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Figure 4-8. (a) Evolution of the relative peak area of the three main ZnO crystallographic planes as a function of 

methanol content in solvent: (black) (100), (green) (002), (red) (101) and (blue) the (002)/(100) peak area ratio. (b) 

Average ZnO nanoaggregate size as a function of methanol content in solvent. 
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CHAPTER 5. Hydrolytic Decomposition of CWA and 

Simulants 
This chapter is based on work that has been published to the references shown 

below: 

 J. Colón-Ortiz, et. Al., Disordered Mesoporous Zirconium (Hydr)Oxides for 

Decomposition of Dimethyl Chloro-Phosphate. “Just Accepted” at Applied 

Materials and Interfaces. 

5.1 Surface Modification on MONP to Improve Reactivity against CWA and 

Simulants 

Modification of metal-oxide surfaces have been performed in order to improve their 

catalytic capabilities by introducing surface defects, such as oxygen vacancies and mixed-

metal valencies.105-106 Warm hydrogen peroxide solutions have been used to induce surface 

defects, such as oxygen vacancies, within metal oxides in order to increase their 

reactivity.107 One consequence of using hydrogen peroxide on metal oxides is that, in 

addition to surface chemistry alterations, there are also physical changes within the oxides. 

Some examples of the physical changes, discussed herein, are the increased surface area to 

volume ratio and the transformation of crystalline phases into amorphous phases. A 

significant increase of the surface area comes from the formation of mesopores that 

enhances the catalytic efficiency. Nitrogen adsorption experiments, Figure 5-1(a), indicate 

that there is formation of mesopores during H2O2 treatment on the ZrO2/Zr(OH)4 samples 

as there is increased adsorption of nitrogen and the presence of a hysteresis loop on H2O2 

treated ZrO2/Zr(OH)4. A non-local density functional theory (NLDFT) model was used to 

deconvolute the pore size distributions of untreated and H2O2 treated zirconium 

(hydr)oxides based on the adsorption branch, Figure 5-1(b). The NLDFT model estimates 
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that the average pore size for H2O2 treated ZrO2/Zr(OH)4 is around 3.1 nm, while the 

untreated ZrO2/Zr(OH)4 remain essentially non-porous. In addition, the untreated 

ZrO2/Zr(OH)4 exhibit a surface area of 12.4 m2/g while the H2O2 treated ZrO2/Zr(OH)4 

have an order of magnitude increase in surface area of 101.8 m2/g. Similar results were 

obtained for cerium (hydr)oxides prepared in the same manner, but not for zinc 

(hydr)oxides (see Figure 5-2). H2O2 has minimal effect on the formation of mesopores 

within zinc (hydr)oxides. This may be due to its single valence state that may not allow for 

a density of oxygen vacancies high enough to disrupt its crystalline structure. 

X-ray photoelectron spectroscopy (XPS) was used to measure the chemical surface 

modifications that arise from the hydrogen peroxide treatment. The core energy level 

spectra of O 1s and Zr 3d are collected in Figure 5-3. For the untreated ZrO2/Zr(OH)4, the 

position and shape of the peaks related to Zr 3d are representative for the oxidation state, 

+4. 108 shown in Figure 5-3(a), in which both the Zr 3d3/2 and Zr 3d5/2 are located at 181.2 

and 183.8 eV, respectively.109 Of the four components on the O 1s spectrum, Figure 5-3(b), 

the first two peaks located at binding energies of 529.1 and 530.8 eV are assigned to the 

lattice Zr–O bonds and surface chemisorbed oxygen, respectively.108, 110-111 

(a) (b) 

Figure 5-1. (a) Nitrogen adsorption isotherms for ZrO2/Zr(OH)4 (untreated – red, H2O2 treated – blue). Solid squares 

are adsorption points and open squares are desorption points. (b) Pore size distributions based on NLDFT model 

(untreated – red, H2O2 treated – blue). 
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These surface chemisorbed species arise from the presence of O-, O2
-, and O2-,which have 

been associated with the formation of surface oxygen vacancies.111 It has been shown that 

the presence of oxygen vacancies within the surface of metal-oxides has proven to enhance 

the decomposition of CWA.105-106, 111 The reactive oxygen vacancies present within the 

zirconium (hydr)oxides as seen from our XPS studies in Figure 5-3(b,d) may have an 

important role in the decomposition of DMCP. However, isolating the effect of oxygen 

vacancies against the decomposition of DMCP were outside the scope of this study. The 

lower intensity peaks at 532.7 and 536.1 eV can be linked to the presence of the hydroxyl 
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Figure 5-2. (a) Adsorption Isotherms for untreated CeO2 (red) and H2O2 treated CeO2 (blue). (b) Pore size distribution 

of untreated CeO¬2 (red) and H2O2 treated CeO2 (blue) based on a NLDFT model. (c) Adsorption Isotherms for 

untreated ZnO¬ (red) and H2O2 treated ZnO (blue). (d) Pore size distribution of untreated ZnO¬ (red) and H2O2 

treated ZnO (blue) based on a NLDFT model. 
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groups bonded to zirconium and the presence of humidity or surface bound water, 

respectively.112 

Although there is evidence of mixed valence states in H2O2-treated metal oxides106 

in our case there was no apparent change in the oxidation state of zirconium during the 

H2O2 treatment, Figure 5-3(c). In addition, it can be seen in Figure 5-3(d) that the surface 

bound water molecules mostly disappear and the surface hydroxyls are significantly 

reduced when compared to the untreated ZrO2/Zr(OH)4. This reduction in O-H and H2O 

species from the sample after H2O2 treatment has been observed theoretically113 as H2O2 

molecules interact with O-H and H2O species adsorbed on the surface of the sample by 

being cleaved and forming highly reactive H–O radicals that later react with other adsorbed 

(a) (b) 

(d) (c) 

Figure 5-3. (a) Zr 3d core level spectrum of untreated ZrO2/Zr(OH)4 (b) O 1s core level spectrum of untreated 

ZrO2/Zr(OH)4 (c) Zr 3d core level spectrum of H2O2 treated ZrO2/Zr(OH)4 (d) O 1s core level spectrum of H2O2 

treated ZrO2/Zr(OH)4. 
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species producing water molecules that leave the oxide surface. However, treated and 

untreated samples contain hydroxyl groups. Therefore, we refer to treated and untreated 

samples as (hydr)oxides as both, oxide and hydroxide, phases coexist between both 

samples. The untreated sample, which is predominantly Zr(OH)4, is composed of 

approximately of 25.4 at.% ZrO2 and the H2O2-treated sample, which is predominantly 

ZrO2, is composed of approximately of 22.2 at.% Zr(OH)4 based on the Zr–O and O–H 

components in the O1s peaks at 529.1 and 532.7 eV, respectively in Figure 5-3(b,d).  

The morphological structures of the ZrO2/Zr(OH)4 were studied by Transmission Electron 

Microscopy (TEM) and X-ray diffraction (XRD). The TEM images, Figure 5-4, show that 

nanoaggregates within 25-200 nm are densely supported on micron-sized thin flakes for 

both untreated and H2O2-treated samples. The H2O2 treatment appears to have an 

insignificant effect on the particle size distribution of the zirconium (hydr)oxides, although 

there is more abundance of large thin flakes on the treated samples.  

In Figure 5-5 it can be seen that parental samples of ZrO2/Zr(OH)4 prior to H2O2 treatment 

exhibit the crystalline features that are found within cubic-lattice ZrO2, less intense but 

sharp peaks of Zr(OH)4 and impurities that come from the precursors used to synthesize 

the ZrO2/Zr(OH)4, in this case NaNO3. However, after the treatment, the cubic-lattice 

features disappear and the treated sample appears to be rather amorphous, suggesting that 

the H2O2 treatment vigorously transforms the crystallinity of the material. 

 

 

 



49 

 

 
 

 

 

 

 

0 100 200 300 400 500 600 700 800 900 1000
0

5

10

15

20

25

30

35

P
e
rc

e
n

t 
(%

)

Aggregate Size (nm)

0 100 200 300 400 500 600 700 800 900 1000
0

5

10

15

20

25

30

35

P
e
rc

e
n

t 
(%

)

Aggregate Size (nm)

200 nm 

400 nm 

(a) (b) 

10 20 30 40 50 60 70 80 90
1400

1600

1800

2000

2200

2400

2600

2800

In
te

n
s
it
y
 (

A
.U

.)

Angle 2Theta (degrees)

‡†

†

‡

‡

‡

‡
‡

‡

‡

† *

*

*

*

*

†

‡

Figure 5-5. X-ray diffractogram of untreated ZrO2/Zr(OH)4 (red) and H2O2 treated 

ZrO2/Zr(OH)4 (blue). Symbols above peaks represent phases of: (*) ZrO2, (†) Zr(OH)4, 
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Figure 5-4. (a) Aggregate size distributions of untreated ZrO2/Zr(OH)4, inset – TEM micrograph of untreated 

ZrO2/Zr(OH)4. (b). Aggregate size distributions of H2O2-treated ZrO2/Zr(OH)4, inset – TEM micrograph of H2O2 treated 

ZrO2/Zr(OH)4. 
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5.2 CWA Simulant Reactivity against Surface-Modified ZrO2/Zr(OH)4  

DRIFTS measurements were performed to assess the reactivity differences between the 

H2O2 treated and untreated ZrO2/Zr(OH)4 samples. Time-resolved difference spectra are 

reported herein, with the initial (black) and final (brick red) in order to identify spectral 

changes with respect to the native material. Peak assignments were made based on DFT 

calculations of DMCP and corroborated with literature assignments for 1) DMCP in the 

gas phase,114 2) on previously reported solid substrates,115 3) DMCP adsorbed onto silica114 

and 4) DMMP on Zr(OH)4.
116  

Characteristic spectral features are observed between the H2O2 treated and 

untreated ZrO2/Zr(OH)4. The decomposition of organophosphorus agents on metal (hydr)-

oxides have been reported through a two-step mechanism of first bonding of the 

phosphorus moiety followed by hydrolysis to form dimethyl phosphonate (DMHP) 

followed by methanolysis to form methyl methylphosphonate and methanol.117 However, 

a close inspection of our spectral data indicates the picture to be more complex. The 

structure of ZrO2/Zr(OH)4 is known to consist of a complex array of reactive moieties 

ranging from various absorbed hydroxyl species (monodentate, bidentate) peroxide 

species, water and Lewis acid sites such as oxygen vacancies as shown in Figure 5-6. 

Figure 5-6. Different reactive sites and hydroxyl groups present 

on the ZrO2/Zr(OH)4 structure. 
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It is generally agreed upon that the primary adsorption pathway of 

organophosphorus agents will occur through the P=O moiety on metal oxides.118 Within 

our investigation, it was revealed that several reaction pathways are likely to occur. For 

instance, upon DMCP adsorption to the H2O2-treated sample, there is an observed increase 

in the P=O at 1256 cm-1 stretching mode with a decrease in a mode at 1288 cm-1 that 

follows, as shown in Figure 5-7.  

 

Figure 5-7. Closer examination of the P=O mode occurring at 1256 cm-1 for defect DMCP 

(top) and occurring at 1288 cm-1 for DMHP (bottom) for the H2O2-treated ZrO2/Zr(OH)4. 
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Examining the results of DMHP adsorption we see that the P=O mode at 1256 cm-

1 of DMCP is no longer present, but a greater decrease in the 1288 cm-1 mode is observed, 

as shown in Figure 5-8.  

 

Figure 5-8. Closer examination of the P=O mode occurring at 1256 cm-1 for DMCP (top) and occurring at 

1288 cm-1 for DMHP (bottom) for the untreated ZrO2/Zr(OH)4. 
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This broad peak is likely a convolution of several surface modes that obscures the DMHP 

P=O mode.  Nevertheless these results would imply the conversion of DMCP to DMHP on 

the H2O2-treated sample, and the rapid loss of the P=O mode in DMHP upon adsorption. 

This is in contrast to the control sample where the P=O mode related to DMHP is not 

observed. This indicates that the H2O2-treated sample allows for an additional reaction 

pathway that is absent in the control as shown in Figure 5-9. 

Figure 5-9. a) Plausible reaction pathways involving b–OH groups 

affecting both the control and defective sample. b) Plausible reaction 

pathways involving water which only affects the defective sample. 

Red indicates reactive surface bound species. c) The two pathways 

concluded here. 
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Several reaction pathways are plausible based on how DMCP approaches the surface, 

either through P=O approach (A) or Cl approach (B). For both the control and H2O2-treated 

sample, DMCP likely undergoes Pathway 1a, whereby only bidentate (bridged) hydroxyls 

are consumed (see Figure 5-12 for the high wavenumber region). This results in the 

hydrolytic decomposition through the loss of a methoxy group (CH3O) which can be 

observed in the low wavenumber region (see Figure 5-10). Pathway 2b demonstrates a 

hydrolytic mechanism of DMCP with the reaction of tightly bound water along with 

cleavage of the chlorine group to form DMHP, respectively.  While Pathways 1b and 2a 

may be plausible, we do not see any spectral evidence through the formation of DMHP in 

the former. Additionally, while we cannot rule out the cleavage of the chlorine atom, 

detecting the chlorine surface mode that occurs below 1000 cm-1 is below the detection 

limit. 

DMCP binding peaks can be inferred from the low wavenumber region from 1400-900 cm-

1. Several regions are observed that correspond to binding of the DMCP molecule and 

possible products. For the H2O2 treated sample (Figure 5-10), we observe peaks at 1175 

cm-1 and 1144 cm-1 with the former representing the υa(O-P-O) mode and the latter the 

dissociative methoxy bound to a zirconium atom and possibly an additional υ(P-Ox) 

mode.116  Plotting the peak heights of the two largest modes in this region (1175 cm-1 and 

1144 cm-1) as a function of time (inset of Figure 5-10), it can be observed that there is a lag 

phase that occurs for the first 30 min, which is the amount of time for the DMCP vapor to 

diffuse through the packed bed. After 30 min, there is a linear increase in both peaks, which 

suggests first order kinetics, the height increases for both peaks appear to be the same as in 

the untreated sample, Figure 5-11, but with significantly less intensity. Meanwhile, a third 
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peak associated with the υs(O-P-O) mode can also be observed at lower wavelengths of 

1080 cm-1 which is known to occur approximately 100 cm-1 lower than the higher energetic 

asymmetric peak.119 All three peaks represent possible products and are corroborated by 

the fact that they do not appear in the DFT calculated spectra nor in the gas phase of DMCP. 

The peak centered at 1030 cm-1 is associated with the υ(C-O) mode of DMCP. Peaks related 

to the P=O stretching liquid/multi-layer mode of DMCP can be observed at 1256 cm-1 and 

is supported by our DFT calculations. Interfacial carbonate complexes were also found on 

the surface residing in the region of 1700-1300 cm-1 which are eventually displaced with 

exposure to DMCP. 
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Figure 5-10. Low wavenumber region of DMCP on H2O2-treated ZrO2/Zr(OH)4 between 1400-

900 wavenumbers. Inset: Peak height as a function of time. O = 1177, X = 1144 cm-1. A lag phase 

occurs for the first 30 minutes, after which a linear increase in products could be observed. Modes 

in red represent those attributed to decomposition product. Time intervals between spectra are: 

0, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120 min 
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The untreated ZrO2/Zr(OH)4 sample demonstrates two orders of magnitude decrease in the 

observed signal compared to the H2O2-treated sample, which may be a qualitative indicator 

for the lower adsorption of DMCP, Figure 5-11. It should be noted that for the H2O2-treated 

sample, the dominant peak is the asymmetric (O-P-O) mode while for the untreated sample 

it is the lower energetic symmetric stretch. Peaks could not be observed below 900 cm-1 

for both materials, as metal oxides strongly absorb in this region  

The contrast between the two samples is more apparent at higher wave numbers in 

the region between 4000-2700 cm-1 (Figure 5-12). Upon exposure to DMCP, there is a 

decrease for the H2O2-treated sample in the amount of free bi-dentate hydroxyl groups on 

the surface, occurring at 3700 cm-1 and 3628 cm-1, respectively, indicating the 

decomposition of DMCP upon contact with the surface.  
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 1364 

Figure 5-11. Low wavenumber region of DMCP on untreated ZrO2/Zr(OH)4 between 1400-900 

wavenumbers. Inset: Peak height as a function of time. O = 1115, X = 1095 cm-1. Modes in red 

represent those attributed to decomposition product. Time intervals between spectra are: 0, 2, 5, 

10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120 min. 
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The inset of Figure 5-12 plots the decrease of bridged hydroxyls (b–OH) and tightly bound 

water modes at 3700 cm-1 and 3628 cm-1, respectively, the rate of which suggest first order 

kinetics. Meanwhile, there is also a reduction in the region that is attributed to the hydrogen 

bonding between the hydroxyls and DMCP in the range of 3550-3050 cm-1. The decrease 

of peaks at higher wavenumber regions coupled with the reaction products seen in lower 

wavenumber regions not only indicate the loss of water through desorption but also the 

loss of hydroxyl groups implying that DMCP decomposes forming the υa(CH3P) mode at 

2996 cm-1, υa(CH3O) mode at 2956 cm-1, which are only seen on the H2O2-treated sample, 

see Figure 5-12. Based on the interaction with the non-reactive silica surface,114 adsorbed 

DMCP is expected to exhaust the surface hydroxyl group resulting in the decline of a sharp 

peak located at 3748 cm-1, which relates to the monodentate (terminal) hydroxyl groups 

(m–OH). Contrary to the H2O2 treated sample, there is only one observed change at higher 

wavenumbers for the untreated sample, namely the decrease that occurs at 3700 cm-1, 

which is related to the bidentate (bridged) hydroxyl groups (b–OH). It should be noted that 
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2996 υa(CH3P) 

2956 υa(CH3O) 

Figure 5-12. High wavenumber region of DMCP on H2O2-treated ZrO2/Zr(OH)4. O = 3700, X = 

3628 cm-1. Modes in red represent those attributed to decomposition product. Time intervals 

between spectra are: 0, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120 min. 
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the apparent differences between XPS and DRIFTS data regarding the presence of OH and 

water molecules adsorbed at the sample’s surfaces arises because the evacuation pressure 

was 3 orders of magnitude higher for XPS (~10-8 torr) than for DRIFTS (~10-5 torr) which 

leads to reduced amounts of weakly adsorbed species.  

In order to assess if the peak increases are due to decomposition of DMCP or due 

to reversible adsorption of weakly bound multi-layer/liquid DMCP, a post-purge was 

performed with He for 2 hr. It is likely that vibrational bands due to weakly bound species 

would decrease due to desorption. From the two samples, it can be concluded that the H2O2-

treated sample provides additional reaction pathways, where the pathway resulting in the 

asymmetric (O–P–O) mode is the primary adsorbed species. 

To confirm the decomposition product, in-situ DRIFTS experiments were performed with 

the anticipated hydrolysis product dimethyl phosphonate (DMHP) (see Figure 5-9). It can 

be seen that the adsorption of DMHP results in a large mode related to the asymmetric (O–
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Figure 5-13. High wavenumber region of DMCP on the untreated ZrO2/Zr(OH)4. Time intervals 

between spectra are: 0, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120 min. 
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P–O) binding mode, confirming the decomposition of DMCP. Notably less prominent is 

the mode near 1144 cm-1 which may be attributed to additional decomposition products. 

Following the He purge, each sample was heated to 220 ˚C over the course of 20 min then 

allowed to cool for an additional 10 min in order to further confirm the reactive differences 

of the two catalysts. Figure 5-14 shows that the peaks located at 1251 cm-1 and 1177 cm-1 

experience monotonic declines, representing weakly bound DMCP and the decomposed 

asymmetric (O–P–O) mode along with the methoxy mode on DMCP, respectively, and 

continues to decline upon cooling the H2O2 treated sample. 

Figure 5-14. Low wavenumber region of the post heating of DMCP on H2O2-treated ZrO2/Zr(OH)4. O = 1144, X = 1177 

cm-1. Modes in red represent those attributed to decomposition product. Time intervals between spectra are: 0, 2, 4, 6, 

8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28 min. 

At the same time, the Zr-bound methoxy mode at 1144 cm-1 experiences an initial increase 

before plateauing near 15 min of heating, followed by a slight decrease upon cooling. 

Similar non-monotonic trends could be observed for both the symmetric (O–P–O) mode at 

1080 cm-1 and the (C–O) mode at 1030 cm-1. Meanwhile, the control sample shows a non-

monotonic trend for the entire region (1400-900 cm-1). The trend associated with the 
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pristine sample results in negative peaks after 10 min for the region, indicating the complete 

desorption of species possessing these vibrational modes. Post-heating experiments were 

also carried out with the hydrolysis product DMHP, see Figure 5-15. The presence of an 

isosbestic point, identified by the simultaneous decrease in the mode occurring at 1177 cm-

1 and increase in the mode at 1144 cm-1, respectively, confirms the decomposition of the 

adsorbed DMHP. It should be noted that the spectral difference in the asymmetric (O–P–

O) mode for DMHP changes much more rapidly compared to DMCP, indicating that 

DMHP is more reactive than DMCP. 
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Figure 5-15. Post-heating comparison of DMCP to DMHP exposure on H2O2-treated ZrO2/Zr(OH)4. 

 

By performing a simple H2O2 treatment to metal-oxides, beneficial physical and 

chemical changes occur within metal-oxide surfaces that improve their decomposition of 

CWA simulants. Some observed changes include the formation of mesoporosity and 

reactive surface moieties that enhance agent decomposition. 
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CHAPTER 6. Photo-Oxidative Decomposition of CWA and 

Simulants 
This chapter is based on work that has been published to the reference shown below, 

and was used within the author rights as established with publishing company: 

 D. Giannkoudakis*, J. Colón-Ortiz*, et. Al., Polyoxometalate hybrid catalyst for 

detection and photodecomposition of mustard gas surrogate vapors, Appl. Surf. 

Sci.., 2019, 467-468, 428-438 

* Equally contributing first authors 

Within the field of CWA decomposition, polyoxometalates (POM) have been 

previously used mostly for the oxidative decomposition of sulfur containing agents and 

surrogates and have shown catalytic ability under ambient conditions27, 63, 120-121. There are 

many opportunities for the investigation of this family of catalysts, since there are not many 

references for this catalyst within the decomposition of CWA application. We have 

synthesized a KCoIIIW12O40 POM that has a deep yellow color, almost golden, when 

synthesized. This material exhibits an interesting feature as it has the ability to change color 

based on the oxidative reactions that occur on its surface, bestowing it with colorimetric 

detection capabilities. 
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6.1 Physical and Chemical Characterization of POM 

The obtained yellow powder and a theoretical 3D representation of the structure of 

the polyoxometalate (POM) K5CoIIIW12O40 are presented in Figure 6-1(a-b). Based on the 

nitrogen adsorption analysis, the material is essentially non-porous (surface area: 1.2 m2/g, 

total pore volume: 0.006 cm3/g). The TEM images showed nanorods with diameter of 50 

to 100 nm, and length of around 1 μm, Figure 6-1(c). They are stacked together by forming 

star-like nanostructured aggregates.  

 

Inductively coupled plasma (ICP) analysis revealed the contents of W, Co, K, S, 

and O as 28.7, 0.7, 14.7, 12.0, and 43.7 wt. % approximately. Detection of sulfur suggests 

that the obtained sample is not a pure POM but rather a hybrid material containing a marked 

Figure 6-1. (a) POM-h powder of bright yellow color, (b) theoretical 3D 

representation of the structure of (CoIIIW12O40)-5 ion (red spheres – oxygen atoms, 

blue spheres – tungsten atoms, and the yellow sphere in the core – cobalt atom), 

and (c) TEM image of POM-h nanorods. 
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amount potassium persulfate (KPS), which was added to promote polyoxometalate 

crystallization, and apparently was not removed during thermal annealing. 

The content of W, Co, K, S and O on the surface from XPS analysis was 5.4, 0.7, 

14.7, 13 and 66.2 at. %, respectively. Assuming that the surface here represents the bulk 

composition, the content of W, Co, K, S, and O, in the bulk is 3.2, 1.3, 18.6, 13.5 and 34.4 

wt. %, respectively. These amounts agree well with the ICP results. The findings indicate 

that in the bulk material both components, POM and KPS, are in almost equal quantities 

per weight.  The core energy level spectra of O 1s, W 4f, Co 2p, S 2p, and K 2p are collected 

in Figure 6-2. The position and shape of the peaks related to W4f are representative for the 

oxidation state +6 37,38. The two components in the O1s spectrum are assigned to the W-O 

(530.2 eV) and S-O (532.2 eV) bonds, respectively 38,39. The low intensity peak at 534.2 

eV can be linked to the presence of the hydroxyl groups bonded to tungsten and/or the 

presence of humidity 38. The binding energy of cobalt atoms showed two major peaks at 

around 782 eV and 797 eV, which represent Co+2 (2p3/2 and Co 2p1/2, respectively).40 The 

deconvolution of the spectrum region for sulfur revealed the presence of the two 

characteristic peaks of 2p3/2 and 2p1/2 representing sulfates.39,41. The 2p spectrum of 

potassium showed also the two well separated characteristic peaks corresponding to K 2p3/2 

at 293.3 eV and K2p1/2 at 296.0 eV characteristic to potassium ions.42,43 The morphological 

structure of the hybrid material was evaluated extensively by SEM. The images (Figure 6-

3) revealed morphologically different structures for two components of this material. The 

polyoxometalate phase consist of two different structures; the hexagonal rod-like particles 

(with a diameter in the range of 15-25 μm and length between 70 and 90 μm) and the orzo 
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like particles with sizes from 600 nm to 2 μm. In the former, the particle s are colored 

yellow and are indicated by the yellow arrows in the SEM images, Figure 6-3(a, b, g, h). 

 

 Colored cyan areas at the SEM images can be linked to a polyoxometalate phase 

that appeared in a very small quantity in between the bulky phase of hexagonal rod-like 

particles of POM and KPS. The EDX elemental mapping analysis in Figure 6-3(c-f) 

Figure 6-2. O 1s, W 4f, Co 2p, S 2p, and K 2p core level spectra of POM-h. 
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supports the presence of tungsten in these regions. It is plausible to assume that the bulky 

hexagonal rods observed in the SEM images consist of bundles of nanorods. It is likely that 

the bulky POM-based rods were disassembled by the solvent (isopropanol) after sonication 

during the preparation of the samples for the TEM analysis.44 The orzo-like particles are 

colored red and indicated by the red arrows in Figure 6-3. The KPS phase has three kinds 

of morphologies (green arrows in Figure 6-3): long rods (or elongated prisms), polyhedrals, 

and platelets. The appearance of these two phases of POM might be related to differences 

in the crystallization process. Potassium on KPS might participate as a "seed" in the growth 

of small POM particles highly dispersed on the surface of KPS phase. The absence of the 

cobalt signal on EDX maps could be due to its limited amount in the crystallographic phase 

of POM (1.7 % based on the K5CoW12O40 elemental stoichiometry), or due to the beam 

obstruction by the larger W atoms that surround the Co atoms. The EDX maps further 

confirm that POM-h is a hybrid material containing two separate phases. 
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The X-ray diffraction pattern of POM-h, Figure 6-4(a), shows various characteristic 

reflections of potassium persulfate (ICSD card 01-087-0310).45 The peaks that are not 

linked to KPS (at 10.7, 17.7, 20.6, 21.6, 24.7, 31.9, 41.1, and 54.5 2θ) are assigned to the 

polyoxometalate phase of the material.19 FTIR spectra of POM-h and KPS are collected in 

Figure 4b. For KPS, three strong and sharp bands are revealed at 1259, 1059, and 683 cm-

Figure 6-3. SEM images of (a-b) POM-h (polyoxometalate phase colored yellow and red, yellow arrows 

indicate the rod-like POM, red arrows -the orzo like particles, and green arrows-the potassium persulfate 

phase), (c-d) with the EDX elemental energy histogram as insets, and (d, f) EDX maps with weight percent 

of detected elements. 
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1; the first two are linked to the asymmetric stretching vibration of the S=O bond and the 

third one- to the bending vibrations of O=S=O.46 For POM-h, three additional intense 

bands appear at 1629, 949, and 871 cm-1, that are assigned to vibration of the bonds 

between the metal and oxygen atoms, Figure 6-4.47 The wide band in the range from 3600 

to 3300 cm-1 represents the structural water molecules.48 The XRD and FTIR results agree 

with the EDX element maps. XPS and ICP results also revealed almost equal in weight 

contributions of the polyoxometalate and KPS phases in POM-h.  

 

To gain more information on the chemical nature of the POM-h nanorods, the 

obtained yellow powder and pure KPS were exposed to heating in helium atmosphere. The 

TA, DTG, and DTA curves are collected in Figure 6-4 (d-f). The DTA curve of KPS 

Figure 6-4. XRD patterns (a), FTIR spectra (b), thermal analysis (TA) curves (c), DTA curves (d), DTG curves (e), of pure 

KPS and synthesized POM-h nanorods, MS thermal profiles (in helium) of the fragments representing oxygen (m/z 16), O2 

or S (m/z 32), CO2 (m/z), and SO2 (m/z 64) for KPS (f), diffuse reflectance UV-Vis-NIR spectra (g), Tauc plots of 

KPS and POM-h (h). 
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showed one exothermic decomposition peak with maximum at 290 oC and three 

endothermic ones with maxima at 320, 410, and 500 oC. The weight losses associated with 

these changes are 5.5, 0.8, 0.7, and 25.9 %, respectively. Taking this into consideration, 

along with the results of the MS analysis of the species released during the heating process 

that contain oxygen (m/z 16), O2 or S (m/z 32), CO2 (m/z 44), and SO2 (m/z 64), these 

weight losses are assigned to the removal of the water of crystallization, and the 

transformation of potassium persulfate to sulfur dioxide and potassium sulfate. The 

decomposition of the latter starts at above 850 oC. The DTG and DTA curves of POM-h 

were more complex with more decomposition steps than those of KPS. The total weight 

loss for POM-h was 24.6 %. Based on the comparison of the weight loss of POM-h between 

200 and 600 oC (13.8 %) and of pure KPS in the same temperature range (30.9 %) the 

amount of KPS in our sample was estimated to be around 55 %. This is in good agreement 

with the amount of KPS in the final material provided by the ICP and XPS analyses. 

UV-Vis-NIR diffuse reflectance spectra evidenced the POM-h nanorods’ 

photoactivity, Figure 6-4(g). Pure KPS (as used for the synthesis) is a white powder and 

thus it is not expected to affect the bright yellow color of the POM phase. As revealed from 

the UV-Vis spectra, KPS does not absorb light at a wavelength above 410 nm. Thus, POM-

h spectrum showed significantly lower reflectance than that of pure KPS in the range of 

visible light (VL). An estimated indirect band gap from the Tauc plot of the POM-h 

nanorods, Figure 6-4(h) is 2.58 eV (480 nm, blue region of the visible light).49–52 This value 

suggests that the material is photoactive in VL. It is also consistent with that reported in 

the literature for this particular polyoxometalate phase estimated by DFT studies.53 On the 

contrary, pure KPS revealed a band gap of 4.74 eV (260 nm, deep UV region).  
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6.2 Photo-oxidative Capabilities of POM against H-agent Simulants 

To test the decomposition/detoxification capability of POM-h, 2-chloroethyl ethyl 

sulfide (CEES) and diethyl sulfide (EES) were chosen as mustard gas surrogates. The tests 

were carried out in the vials-in-vial (ViV) closed adsorption system.54 Knowing that the 

band gap of POM-h is in the VL range, the tests were run under ambient light and in the 

dark for 24 hours. The detoxification performance was estimated based on the weight 

uptakes and GC-MS analysis of the headspace after exposure to vapors. Weight uptakes 

upon exposure to surrogates are the first quantitative markers of the adsorption 

performance. They are expressed in mg per gram after 24 hours of exposure under light or 

in the dark. These values represent the adsorbed amounts of the surrogates/their 

decomposition products and they are not directly related to the number of surface-active 

sites. The results for POM-h and KPS are summarized in Figure 6-5(a). The weight uptakes 

(WU) for both materials are very low (in an absolute value), due to the negligible porosity. 

An important finding of this test, however, was a decrease in the weight of POM-h under 

light and an increase in the dark. For KPS, no weight change was recorded, since the values 

measured were within the balance’s range of error. This indicates a lack of 

interaction/adsorption/detoxification activity of this phase. The trend in WU found for 

POM-h corroborates its photoreactivity. The collected data also suggests that POM-h is 

more active against CEES than it is against EES, since the absolute WU values upon 

exposure to the former are higher than those upon exposure to EES. Those recorded 

negative values of WU can be linked to the reactivity of the surface, which reflects a release 

of more gaseous products than those adsorbed/interacting on/with the surface. Extension 

of the exposure to surrogate vapors up to 7 days led to clearly positive values of WUs under 

all conditions, Figure 6-5. In the case of CEES exposure, the WUs measured under light 
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and in the dark were 45 and 12.5 mg/g, respectively, and for EES these values were 40 and 

7.5 mg/g, respectively. In order to exclude the possibility of the weight due to instability 

of POM-h, the weights were also recorded for the vials with 20 mg of POM-h s without 

the presence of the surrogates. They were found stable either after 1 day or after 7 days. 

Weighing empty vials also led to stable readings. 

Figure 6-5. The recorder weight uptakes/changes after interactions 

with CEES or EES vapors for 1 and 7 days under light or in the dark. 
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The above discussion suggests that various interactions pathways might govern the 

surface interactions of our POM-h material with the CWA surrogates. They include: 1) 

weak retention of surrogate molecules on the surface; 2) degradation of surrogate 

molecules to smaller compounds that get attracted on the surface; 3) removal of some 

surface functional groups or exchange of some structural moieties with smaller ones, as a 

result of photoreactivity. Moreover, the removal of physically adsorbed water and its 

replacement by the reaction products is another reactivity scenario, since the initial material 

consisted of 4.2 % of adsorbed water (from TA until 200 oC ~2%). These pathways might 

occur simultaneously, and they are competitive to each other with respect to weight change. 

Pathways 1 and 2 should lead to the weight gain, while the third to the weight loss. The 

results suggest that under light the latter process occurs faster than the other two (weight 

gains) since negative WUs were recorded after exposure to CEES and EES. On the 

contrary, the slight increase in WUs in the dark suggests that the first two pathways 

predominate under these conditions. 

The CEES and EES exposed samples were also weighed after being left inside a 

hood under VL irradiation and ambient conditions for additional 24 hours. The recorded 

WUs were –28 and –37.4 mg/g for the samples that were exposed to CEES and EES for 1 

day, respectively. The WUs recorded for the samples exposed for 7 days were –20 and +5 

mg/g. A further decrease in the samples mass after air exposure implies that the adsorbed 

molecules underwent a catalytic decomposition and were desorbed from the surface along 

with some surface components. Even though the absolute values of the weight uptakes are 

lower than those of various other materials that were evaluated under the same conditions 

(such as barium titanate nanoparticles, zinc hydroxide, zinc peroxide nanoparticles, 
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oxidized graphitic carbon nitride nanospheres, or mixed oxides),55–59 the fluctuations of 

WUs support an elevated activity for decomposition/degradation rather than adsorption. In 

fact, owing to the lack of surface area, we do not consider POM-h as an adsorbent. 

To further test the samples reactivity, the headspace of the ViV adsorption systems 

was analyzed by GC-MS after 1, 6, and 24 hours of exposure to CEES or EES. These tests 

revealed a wide range of formed products upon exposure to both surrogates. In order to 

monitor the evolution of the formed products, the headspaces were analyzed by GC-MS 

after 1, 3, and 7 days of exposure to surrogates. The recorder chromatograms are collected 

in Figure 6-6. Details on all identified compounds, their linear chemical formula, 

nomenclature, and abbreviation, are collected in Figure 6-6(c-d) and Table 6-1.  

In the case of CEES exposure, the detection of volatile thiirane (ThR), ethanol 

(EtOH), acetaldehyde (Ace), acetic acid (Aca), and diethyl disulfide (DEDS) is evidence 

that POM-h has the ability to decompose CEES to smaller compounds, through the 

cleavage of the S-C bond.2,57,60 Additionally, the formation of Ace and Aca as a result of 

EtOH oxidation elucidates the photo-oxidative capability of the nanorods.60,61 When the 

tests were performed in the dark, these products were not formed. The cleavage of the 

carbon/sulfur bond can occur through the formation of a transient intermediate cyclic 

sulfonium cation.58,62–65 The detection of the dehydrohalogenation product, ethyl vinyl 

sulfide (EVS), verifies the occurrence of the abovementioned reaction pathway.62,64–68 On 

the other hand, the formation of diethyl sulfide (EES) suggests that the dehalogenation by 

a nucleophilic attack from the active surface to the chloride atom of CEES is another 

alternative interaction pathway.62,69 
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The oxidative ability, the cleavage of the S-C bond, and the formation of EES can 

also be explained by the involvement of radical reactions.70–75 When the tests were 

performed in the dark, only EVS was detected. In order to ensure that the formed 

compounds are the result of the interactions of the surrogate vapors with the 

polyoxometalate phase of POM-h and not due to the KPS presence, the adsorption test and 

the analysis of the headspaces were also performed on pure KPS powder and no reactivity 

was observed.  

Figure 6-6. Chromatograms of the headspace after exposure to (a) CEES and (b) EES vapors under light irradiation for 

1 (1dL), 3 (3dL), and 7 (7dL) days, and in the dark for 7 days (7dD); (d) the names, abbreviations, and the chemical 

structures of all detected compounds exposed to CEES (c) or EES. 
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Table 6-1. All identified compounds in the headspace of ViV, along with details on their nomenclature, linear chemical 

formula, abbreviation, molar mass, and retention times (min) at the chromatograms 

Name Linear Chemical 

Formula 

Abbrev. Molar 

Mass 

Retention 

Time (min) 

Acetaldehyde CH3CHO Ace 44 1.18 

Ethanol CH3CH2OH EtOH 46 1.22 

Isopropanol CH3CH2OHCH3 iPrOH 60 1.26 

Methyl methyl 

sulfide 

CH3SCH3 MMS 62 1.29 

Ethyl sulfide CH3CH2S ES 61 1.32 

1-methoxybutane CH3CH2CH2CH2OCH3 MoB 88 1.41 

Thiirane C2H4S ThR 56 1.44 

Acetic acid CH3COOH Aca 60 1.48 

Ethyl acetate CH3COOC2H5 EAc 88 1.56 

Divinyl sulfide CH2=CHSCH=CH2 DVS 84 1.78 

Ethyl vinyl 

sulfide 

CH3CH2SCH=CH2 EVS 88 1.94 

Ethyl ethyl 

sulfide 

CH3CH2SCH2CH3 EES 90 1.98 

Diethyl disulfide CH3CH2SSCH2CH3 DEDS 122 5.03 

2-chloroethyl 

ethyl sulfide 

CH3CH2SCH2CH2Cl CEES 124 5.12 

ethyl ethyl 

sulfoxide 

CH3CH2SOCH2CH3 EESO 138 7.26 
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The photo-catalytic detoxification and photo-oxidative ability of POM-h reflects 

the detection of DVS, DEDS, EtOH, Ace, and Aca. The photo-oxidative ability of POM-h 

can be also supported by the detection of ethyl ethyl sulfoxide (EESO) in the headspace 

after 7 days of exposure. It was detected only in the extracts of the exhausted samples, and 

it has never been identified in the headspace. EESO has a low volatilization rate at room 

temperature and can interact via specific forces with oxygen of the POM phase.  

The presence of ethanethiol (ES), diethyl disulfide (DEDS), divinyl sulfide (DVS), 

and isopropanol (iPrOH) in the headspace verifies the involvement of radical reactions, 

since ethyl (ES*), methyl (MS*) and hydroxyl (OH*) radicals, which recombine via 

different combinations in order to form DEDS, iPrOH or EtOH.55,56 The latter was photo-

oxidized further to acetaldehyde and acetic acid, as in the case of CEES exposure. The 

interactions of EES vapors with POM-h nanorods in the dark, or with KPS at light did not 

lead to the formation of the abovementioned compounds. Another important finding is an 

increase in the intensity of the GC peaks representing EVS and after CEES exposure. The 

formation of EVS also in the dark indicates that dehydrohalogenation via an intermediate 

transient cyclic cation is not associated with the photoactivity of POM-h. Moreover, EVS 

did not degrade to other compounds. 

To further investigate the POM-h activity, the trends in the EtOH and Aca GC 

peaks’ intensities were analyzed. While the results indicate a stable concentration of EtOH, 

a declining trend is noticed for Aca. These findings suggest a continuous formation of 

EtOH that is further oxidized to Ace. The formed Aca upon Ace oxidation seems to be 
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further decomposed/mineralized to undetectable organic compounds with molecular 

weight less than 40 (detection limit of the GC-MS instrument), for example CH4 or CO2. 

The same trends in the GC peaks’ intensity were revealed after EES exposure. In general, 

it is plausible to conclude that POM-h acts as a photocatalyst, degrading and/or oxidizing 

CEES and EES vapors in a fast and continuous manner. In the case of EES exposure, the 

increases in the concentrations of DEDS and DVS from 1 to 7 days of exposure further 

support that POM-h acts as a detoxifier in a continues mode.  

Analyzing the results one cannot exclude that more compounds were formed upon 

interacting with the POM-h, and they could not be detected in the headspace due to their 

low volatility and/or to the strong retention on the surface, as it was found for various 

materials exposed to HD surrogates.36,62,74,76 The main product detected in the extract of 

the samples exposed to EES is an oxidized compound, EESO. As indicated in the literature, 

this kind of materials can be considered rather as catalyst precursors than catalyst 

themselves, since polyoxoperoxo complexes were suggested as actual active sites for the 

formation of reactive oxygen species participating in oxidation reactions.12,23,25,77–79 

6.3 Colorimetric Sensing Capabilities of POM with respect to H-agent Simulants 

The multi-functionality of advanced materials to simultaneously sense, in addition 

to degrade/adsorb, is also an important asset for their application as 

decontamination/detection media from the vapor phase and also for other potential 

applications.33,80–82. As seen in Figure 6-6, the initial bright yellow color of the sample 

turned gradually to light greenish turquoise with various shades upon exposure to toxic 

vapors of the surrogates. The more intense green shade in the case of EES exposure 

suggests differences in the detoxification pathways. It is worth mentioning that this color 
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change occurred even after 10 minutes of exposure. Taking into consideration that some 

lag time is needed for CWA surrogate to evaporate in our testing system, these results 

suggest that POM-h can be used as a fast detector of mustard gas vapors. The gradual color 

change is an interesting property, since it can also be used, upon calibration, to monitor the 

exhaustion level of a protection medium.  

In order to determine whether or not POM-h can colorimetrically detect the 

presence of CEES or EES in their liquid form, droplets of the two surrogates were deposited 

on the POM-h powder. The color changes of the powder after five minutes of the droplet 

exposure, Figure 6-7, clearly shows the detection of the surrogates in the liquid forms. The 

darker final color in the case of CEES due to the presence of Cl at the surrogate molecule 

can be a beneficial fact for a potential sensor function. 

Figure 6-7. (a) Fast and gradual color changes upon the exposure to CEES and EES 

vapors at ambient light irradiation up to 24 hours, (b) the initial powder and the samples 

exposed for 1 day under ambient light (1dL) to CEES and EES, (c) the exposed samples to 

CEES and EES for 7 days under light (7dL), (d) a gradient representation of the gradual 

color during the exposure to CEES and EES vapors, (e) and the color after exposure of the 

powder to the droplet of the surrogate. 
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Our studies revealed that H-agent simulant detoxification occurs through various 

and complex photo-catalytic and photo-oxidative pathways with the formation of 

numerous products. The detection of compounds with smaller molecular weight than those 

of the surrogates and also the detection of oxidation products suggest the ability of the 

POM-h surface to break the S-C bond, and to promote the formation of hydroxyl radicals 

and other active oxygen species. In addition, POM-h can be considered as a potential 

multifunctional detoxifier, since its ability to gradually change color during the exposure 

to the toxic vapors can be a crucial asset for potential applications as a rapid CWAs 

sensor/detector or for the monitoring of the protection media exhaustion level.  
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CHAPTER 7. Transport Properties and Protective Capabilities 

of PEM Composites 
This chapter is based on work that has been published to the reference shown 

below: 

 J. Colón-Ortiz*, et. Al., Permeation Dynamics of Dimethyl Methylphosphonate 

through Polyelectrolyte Composite Membranes, Submitted to Chemistry and 

Reaction Engineering 

Understanding the behavior of CWA/CWS through barriers enables the designer to 

devise clever ways to enhance the protective qualities of the materials involved in the 

protective fabric. Our goal is to develop a self-decontaminating barrier that would hinder 

the diffusion of CWA while providing catalytic centers for the decomposition of such 

agents. 

7.1 DMMP Sorption within MONP-PEM Composites 

To understand permeation of CWA/simulants through PEM a series of sorption studies 

were performed to estimate the saturation amounts of DMMP within PEM and MONP-

PEM composites. In Figure 7-1(a) a series of experiments are presented where the amount 

of water absorbed by the material was recorded as a function of time exposed in a water 

bath for initially dry membranes. In all Nafion samples the total amount of water uptake is 

approximately 17 wt.%. It seems that water uptake is independent of chemical treatment 

for Nafion membranes whereas for Nexar membranes the difference among samples is 

quite sharp. Nexar-H+ and Nexar-Zn2+ absorb about 60 wt.% their dry weight but Nexar-

ZnO absorbs almost 100 wt.% its own dry weight. It appears that MONP presence within 

PEM favors the absorption of water within Nexar membranes. Figure 7-1(b) shows that 
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Nafion and SEBS membranes equilibrate significantly much faster than Nexar membranes 

when absorbing water. 

 

In Figure 7-2(a) similar experiments are shown where DMMP sorption is obtained as 

a function of time until saturation for Nafion membranes. Results are compared against 

water sorption in Nafion membranes. DMMP uptake in Nafion-H+ sample is approximately 

150 wt. % whereas for Nafion-ZnO the DMMP uptake is closer to 100 wt. %. In this case 

a) b) 

a) b) 

Figure 7-1. a) Sorption of water and b) relative sorption of water (with respect to saturation at 60 minutes) as a function of 

time within: Nafion-H+ (black squares-dashed line), Nafion-Zn2+ (red circles-dashed line), Nafion-ZnO blue triangles-

dashed lines), Nexar-H+ (black aquires-solid line), Nexar-Zn2+ (red circles-solid line), Nexar-ZnO (blue trianlges-solid line), 

and SEBS-H+ (green stars-solid line). 

Figure 7-2. a) Sorption and b) relative sorption (with respect to saturation at 60 minutes) as a function of time for: 

Water-Nafion-H+ (black squares-dotted line), Water-Nafion-ZnO (red circles-dotted line), Nafion-H+ (black squares-

dashed line), Nexar-ZnO (red circles-dashed line). 
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the presence of MONP appears to be detrimental for the sorption of DMMP within Nafion 

membranes. In Figure 7-2(b) One can observe that Nafion saturates much faster with water 

than with DMMP. Given that Nafion membranes only absorb about 17 wt. % of water, it 

is reasonable to observe that Nafion membranes saturate much faster than with DMMP. 

On the other hand, the uptake of DMMP is much faster than with water as Nafion saturates 

with DMMP in a similar amount of time when compared to absorbing water. 

7.2 Liquid Water-and Water-Vapor Sorption within MONP-PEM Composites 

Another property of interest is the water-vapor adsorption of PEM as is it very 

important for these materials if they become implemented within military textiles. 

Although these PEM have the same sulfonate groups, their microstructure, ion exchange 

capacity and water sorption are quite different. In this case, Nafion and Nexar were 

challenged to a water vapor adsorption experiment to observe how water vapor behaves as 

it becomes in contact with these PEM. Nexar has nearly double the ion-exchange capacity 

(IEC) of Nafion and can absorb close to 6 times more water than Nafion. Water sorption 

experiments were held at room temperature and membranes were immersed in liquid water. 

Max sorption was taken at 1-hour as the difference between 1-hour and 24-hour sorption 

was insignificant in our case.  

One parameter of importance for this study is the history that each sample 

experiences: H+ and Zn2+ samples only experience chemical treatment, while ZnO samples 

experience chemical and thermal treatment, which can influence how they behave, yielding 

different behaviors under the same subjected conditions. Given this note, more samples 

have been prepared such that they would all be subjected under the same thermal treatments 

to remove any variability from processing history from sample to sample. In Figure 7-3(a) 
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the mass of water vapor solvated in the sample is presented as the relative humidity of the 

chamber increases to saturation. Nexar samples in acid form, metal-substituted and 

incorporated ZnO. Similarly, data is presented for Nafion, see Figure 7-3(b). 

In Figure 7-3(a), one can observe that Nexar in acid form has the highest water-vapor 

uptake (also happens for Nafion). It seems like membranes in the acid form have the least 

trouble to solvate water. As the membranes are further processed (chemically and 

thermally), it becomes more challenging for the samples to solvate water. For metal-

substituted membranes, water transport can become more challenging due to steric 

hindrances from much larger cations, such as Na+ and Zn2+ that obstruct the transport of 

water molecules through the membrane’s inter-connected hydrophilic clusters. In addition, 

zinc ions can act as ionic cross-linking centers within polymer chains making polymer 

relaxation (swelling)/water solvation more difficult. For ZnO incorporated samples, not 

only there are sodium ions interacting with the sulfonated moieties, but also the presence 

of ZnO nanoparticles. These nanoparticles can behave as anchors for water molecules and 

also to surrounding polymer chains, stabilizing the membranes as ZnO interacts with 

surrounding polymer chains (also true for TGA experiments where PEM-ZnO samples 

a) b) 

Figure 7-3. Water-vapor sorption isotherms (adsorption and desorption branches): (a) Nexar-H+ (black), Nexar-Zn2+ 

(red), Nexar-ZnO (green) (b) Nafion-H+ (black), Nafion-Zn2+ (red), Nafion-ZnO (green). 
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increased their degradation temperature). In addition to all previous possible scenarios 

discussed, add the thermal treatment that ZnO-PEM samples experience. As the 

membranes are subjected to heat, membranes collapse and become stiffer and denser 

increasing the difficulty of water solvation at water-vapor/membrane interfaces. This can 

explain why ZnO-PEM samples show that adsorption branches are below adsorption 

branches of other non-thermally treated samples in the lower relative humidity regions.  

In the case of Nexar-ZnO, it is possible that after some water-solvation energetic 

barrier is surpassed a large amount of water vapor can be adsorbed due to high amount of 

ZnO within the substrate. Since ZnO can act as attractive centers for water molecules, it 

becomes increasingly easier to solvate more water vapor. Nexar-ZnO sample shows the 

largest hysteresis, which can be explained due to ZnO anchoring water-molecules, leading 

to much more difficult desorption. In addition to diffusion limitations, now water 

molecules have to surpass the energetic barrier of desorption from the highly hydrophilic 

ZnO surfaces yielding large hysteresis. Nafion and Nexar samples exhibit open hysteresis 

loops, which may be an indication of the irreversibility of the sorption of water within 

samples. Nafion membranes have been known for irreversible sorption properties as they 

have strong interactions (tightly bound) with solvents and have poor memory (ability to 

recover towards previous structural configurations)122.  

In the case of Nafion-ZnO, as the sample is heated first at 60 °C and later at 100 

°C, it collapses (increases in density) and becomes stiffer. In this state, the polymer chains 

are closer together and can lightly cross-link with neighboring ZnO nanoparticles, making 

water sorption (and polymer chain relaxing) more difficult. This can lead to membrane 
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requiring higher humidity conditions in order to solvate water within itself when compared 

to non-thermally treated samples (Nafion-H+ and Nafion-Zn2+). 

7.3 In-situ Monitoring of DMMP Permeation Dynamics across MONP-PEM 

Composites 

For this study two sets of PEM were used to assess their capabilities as protective 

materials against chemical warfare agent (CWA) surrogates, such as dimethyl 

methylphosphonate (DMMP), Nafion 117 and Nexar MD9200.  

Once the in-situ growth of MONP within PEM was completed, samples were examined 

by X-ray diffraction (XRD) to confirm the presence of ZnO within the membranes. In 

Figure 7-4, one can observe that Nafion and Nexar do have the characteristic peaks of 

hexagonal lattice ZnO as they match the superposed peaks of reference bulk ZnO.  

 

 

 

 

 

 

 

 

 

 

 

ZnO nanoparticles range from 20 to 120 nm and have a rod-like elongated shape in 

Nexar-ZnO samples. Nafion-ZnO sample has much smaller nanoparticles with a PSD that 
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Figure 7-4. Wide angle x-ray diffractograms for Nexar-ZnO (black), Nafion-ZnO (green), 

and hexagonal-lattice bulk ZnO reference (blue). 
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ranges from 10 to 40 nm. Although both PEM, Nafion and Nexar, were subjected to the 

same conditions for the in- situ growth of ZnO, it is clear that the microstructure of the 

polymer does play an important role. It is possible to use the PSD of MONP within these 

PEM as one design factor to help choose the appropriate PEM for the desired application. 

A customized permeation setup was built to acquire in-situ Raman measurements 

of DMMP permeation through the PEM and PEM-MONP composites, Figure 7-5. The 

initial configuration comprises a 12 mL vial (top vial – donor compartment – depicted in 

Figure 7-5) with 10 mL of a 10 vol. % solution of DMMP is connected to a 2 mL (bottom 

vial – receiving compartment – depicted in Figure 7-5) vial that is completely full of water. 

Both vials are separated by the PEM studied and were tightly sealed to avoid leakage from 

any compartment. A 9 mm diameter sample of PEM was utilized for all permeation 

experiments. A 532 nm laser is used to radiate the small vial with water to detect the 

progression of DMMP permeation in the receiving compartment as a function of time.  

 

 

 

 

 

 

 

 

 

Figure 7-5. Experimental in-operando Raman spectroscopy setup for permeation cell. 
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A calibration curve, Figure 7-6, was developed for DMMP based on its peak located 

at 715 cm-1, see Figure 7-6(a), associated with the P–C stretching mode [(P–CH3)] of 

DMMP.123 The range of 680 to 745 cm-1 was used to calculate the mathematical area under 

the curve (AUC) at the aforementioned peak for the calibration curve. Figure 7-6(b) shows 

the calibration curve obtained from the AUC of DMMP spectra shown in Figure 7-6(a) and 

it shows a linear correlation with an R2 of 0.999 over the entire range of DMMP 

concentrations studied. 

 

Figure 7-7 shows a three-dimensional representation of the evolution of the DMMP 

peak located at 715 cm-1 as a function of time. As it can be observed, the intensity of the 

peak at 715 cm-1 after one hour of permeation are most intense in the membranes without 

nanoparticles, Nafion-H+ and Nexar-H+, and is the peak intensity is significantly less with 

the ZnO incorporated membranes. It is evident that the incorporation of nanoparticles does 

have a great influence over the permeation rate of DMMP across the PEM, as it is seen on 

both Nafion and Nexar cases. It is possible that the additional ZnO–DMMP may hinder 

(a) (b) 

Figure 7-6. (a) Raman spectra for DMMP samples in solutions of varying concentrations: (gray) 1 vol.% DMMP, 

(orange) 3 vol.% DMMP, (blue) 5 vol.% DMMP, (green) 10 vol.% DMMP, (violet) 25 vol.% DMMP, (red) 100 vol.% 

DMMP. Inset shows a closer look at DMMP peak at 7715 cm-1. (b) Calibration curve for DMMP based on Raman 

spectra. 
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DMMP diffusion as ZnO serves as attractive centers from which DMMP may be strongly 

adsorbed to, as it has been reported previously, DMMP strongly adsorbs to metal-oxide 

surfaces.40 The reduced Signal/noise ratio in some of our measurements is due to the 

combination of the low concentration as well as fast acquisition time. 

After performing a background subtraction and peak fitting for each spectra the 

AUC is calculated and later concentrations of permeated DMMP as a function of time are 

extracted from the calibration curve in Figure 7-6(b). When plotting the permeated DMMP 

concentration on the receiving compartment as a function of time, as in Figure 7-8, it can 

be seen that Nafion-H+ has an observed breakthrough time, 𝑡0,𝑜𝑏𝑠, defined as the time 

required to observe any DMMP in the receiving compartment, of 15 minutes when 

compared to Nafion-ZnO, which has a breakthrough time of 135 minutes. It takes 5 times 

(a) (b) 

(c) (d) 

Figure 7-7. DMMP spectral evolution at peak located at 715 cm-1 as a function of time for DMMP permeation 

through: (a) Nafion-H+, (b) Nafion-ZnO, (c) Nexar-H+, (d) Nexar-ZnO. 
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longer for DMMP to penetrate a Nafion-ZnO membrane when compared to its parental 

membrane, Nafion-H+. A similar behavior is shown with Nexar samples having a 

breakthrough time of 45 and 145 minutes for Nexar-H+ and Nexar-ZnO, respectively. In 

addition, the permeation rate of Nafion-H+ is approximately 3, 5, and 7 times faster than 

Nafion-ZnO, Nexar-H+, and Nexar-ZnO, respectively.. In addition, the permeation rate of 

Nafion-H+ is ~3, 5, and 7 times faster than Nafion-ZnO, Nexar-H+, and Nexar-ZnO, 

respectively. These results show that the incorporation of ZnO nanoparticles has a large 

impact on both, breakthrough time and permeation rate in Nafion and Nexar samples.  

DMMP permeation through PEM can be studied by using an approximate solution 

of the continuity equation for diffusion in a plane sheet geometry during early times124: 

                            𝐶𝐵(𝑡) =
𝑃𝐶𝐴𝐴

𝑉𝐵𝐿
(𝑡 − 𝑡0)                                           (7-1) 
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Figure 7-8. DMMP concentration in receiving compartment as a function of time through: (black 

triangles) Nafion-H+, (red triangles) Nafion-ZnO, (blue triangles) Nexar-H+, and (green triangles) 

Nexar-ZnO. Error bars are based on standard deviation from duplicate experiments. 
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For boundary conditions: 𝐶𝐴 ≫ 𝐶𝐵, where 𝐶𝐴 and 𝐶𝐵 are the DMMP concentrations 

in the donating and receiving compartments, respectively. 𝐿 is the membrane thickness, 𝐴 

is the cross-sectional area of the membrane, and 𝑃 is the permeability coefficient for 

DMMP. DMMP permeability, 𝑃 is defined as the product 𝐷𝐾, where 𝐷 is the DMMP 

diffusion coefficient, and 𝐾 is the partition coefficient (ratio of DMMP concentration inside 

membrane and DMMP concentration in the donating compartment). The breakthrough 

time, 𝑡0, is defined as 
𝐿2

6𝐷
. 

Data shown in Figure 7-8 could be fit to by using Equation 7-1 and transport 

properties could be extracted. However, Equation 1 is useful in the case when we have 

uniformity in membrane thickness, but in our case Nafion membrane thicknesses were 

approximately 190 µm, while Nexar membranes were approximately 500 µm thick. 

Therefore, a useful rearrangement of Equation 1 can be done to take into account 

membrane thickness differences as written in Equation 2. By rearranging Eq. (7-1) to: 

                              
𝐶𝐵(𝑡)𝑉𝐵𝐿

𝐶𝐴𝐴
= 𝑃 (𝑡 −

𝐿2

6𝐷
)                                           (7-2) 

When plotting data from Figure 7-8 using Equation 7-2, the rearranged permeation 

profiles result in data shown in Figure 7-9. This way we can make a more fair comparison 

between samples and get a more accurate picture of the permeation dynamics. From the 

observed breakthrough time, 𝑡0,𝑜𝑏𝑠, from Figure 7-8, DMMP diffusivity coefficients were 

calculated by using the definition of 𝑡0,𝑜𝑏𝑠 =  
𝐿2

6𝐷
. Calculations of the slope of the curves in 

Figure 7-9 give the permeability constant, 𝑃, from which the partition coefficients were 

calculated. Extracted transport parameters are tabulated in Table 1. Linear fits of 
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permeation curves in Figure 6 had excellent agreement with an R2 of 0.99, for the exception 

of Nexar-H+, which had an R2 of 0.96. 

Table 7-1. List of transport properties of DMMP across PEM studied 

 𝑃 (cm2/s) × 107 𝑡0,𝑜𝑏𝑠
a (min) 

Nafion-H+ 8.23 15  

Nafion-ZnO 2.84 135 

Nexar-H+ 14.80 45 

Nexar-ZnO 7.90 145 

a Measurements have an uncertainty of ± 15 minutes 

Of all samples studied, Nafion-ZnO seems to have the best blocking properties 

against DMMP permeation in liquid phase as it is among the samples with the largest 

0 50 100 150 200 250 300 350
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

C
B
 V

B
 L

 /
 (

C
A
 A

) 
(c

m
2
)

t-t0,obs (mins)

Figure 7-9. Rearranged DMMP permeation as expressed in Equation 2: (black triangles) Nafion-H+, (red 

triangles) Nafion-ZnO, (blue triangles) Nexar-H+, and (green triangles) Nexar-ZnO. Error bars are based 

on standard deviation from duplicate experiments. 
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observed breakthrough time, ~150 min, and slowest permeation rate, 𝑃 = 2.84 ×

10−7 𝑐𝑚2

𝑠⁄ , after breakthrough.  

A novel in-situ Raman spectroscopy setup is built to measure agent permeation across 

protective barriers and applied to study DMMP permeation through ZnO loaded Nafion 

and Nexar polyelectrolyte membranes. It is shown that, incorporation of ZnO nanoparticles 

increases the breakthrough time and reduces the agent permeability, providing better 

protective capabilities of composite membranes.  
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CHAPTER 8. Conclusions and Recommendations on Future 

Research 
In the the preceeding chapters it was shown that growing MONP within 

polyelectrolyte membranes successfully through an in situ generation of MONP procedure 

was possible. It was shown that the size and morphology of in situ grown MONPs can be 

controlled through the use of binary water-alcohol solvents of different composition. The 

ability to tailor the MONP size and crystallinity during the in situ growth has far reaching 

implications in catalysis and optoelectronics, as well as in applications for sensors and 

chemical protection. The incorporation of MONP within PEM substrates not only 

reinforces the composite material mechanically, but also thermally in quite significant 

amounts. 

Effective surface-modified metal-oxides were synthesized by performing a simple 

H2O2 treatment. Beneficial physical and chemical changes occur within metal-oxide 

surfaces that improve their decomposition of CWA simulants. Some observed changes 

include the formation of mesoporosity and reactive surface moieties that enhance agent 

decomposition. 

In addition, photo-active POM were synthesized and their reactivity against H-

agent simulant occurs through various and complex photo-catalytic and photo-oxidative 

pathways with the formation of numerous products. Moreover, POM nanoaggregates 

exhibit multi-functionality, as they show an ability to gradually change color during the 

exposure to the toxic in addition to their reactivity. This means that POM could be used as 

CWA sensors for the monitoring of the protection media exhaustion level.  

Water and DMMP sorption experiments indicate the suitability of the developed 

MONP-PEM composites as barriers against harmful substances. On another note, a novel 
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and inexpensive permeation device was built with an in-situ Raman spectroscopy 

experimental setup that was capable of measuring DMMP permeation across PEM and 

PEM composites allowing for the real-time testing of MONP-PEM composites protective 

performance against the permeation of harmful substances. 

Some ideas on future directions related to the decomposition of CWA include: 

 In-depth analysis of the interaction between membrane substrates and agents to 

understand how to design more efficient protective materials. 

 The testing of the fully-assembled multi-catalyst polyelectrolyte system we 

designed against the simultaneous exposure of G-agent and H-agent to observe its 

protective performance against the agents. 

 More in-depth analysis of transport phenomena occurring at the membrane-air 

interface when an agent is in contact with the protective material. 

 A route for commercialization of the technology developed in this dissertation. 

 

Preparations for manuscript submissions that were discussed in this dissertation are on-

going. A patent application has been filed, in which the provisional patent application has 

been granted, regarding the development of a multi-catalyst polyelectrolyte membrane 

composite material. 
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