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Abstract

This report provides a detailed description of results obtained during the third and
final year of ARO contract DAAH04-96-C-0067, as well as a summary of results
obtained during the entire contract period (see Appendices). During the final year of this
program, breakthrough results were obtained on a novel catalyst for the decomposition of
DMMP. Previous results during the first two years of the contract had shown catalytic
activity from a few minutes to a few hours, whereas the current catalyst has undergone
over 100 hours of continuous operation with no catalytic deactivation. Two patent
applications have been filed (under provisional patent status) based on the novel work
conducted under the present contract. In addition to the thermal catalytic work described
above, we constructed a photocatlytic reactor prototype for the decomposition of DMMP
on titania and conducted detailed reactor modeling to determine reactor size for optimal
destruction of DMMP. Three manuscripts for journal publcations were written and are in
the process of being submitted. Two additional articles submitted previously were
published in 1998 and 1999 respectively and are attached in the Appendix. In addition,
students presented portions of this work at the National ACS meeting in California.
Results were also presented during a poster session at the International Workshop on
Decontamination in a Chemical or Biological Warfare Envirnonment in Durham,
England.

Thermocatalytic Oxidation of DMMP

The thermocatalytic oxidation of dimethyl methylphosphonate (DMMP) was carried
out on nickel, iron, copper and vanadium oxides supported on various substrates
including alumina, silica, and titania. The vanadium catalyst was found to exhibit
exceptional catalytic activity, far superior to conventionally well-known platinum
catalysts. Varying the vanadium loading from 1 to 15% by weight indicated that 10%
vanadium on Al,O; was an optimum concentration. In conjunction with XRD patterns,
monolayer dispersion of V,0; on Al,O, was considered to be beneficial to the longevity
of these catalysts. Of the various supports studied, including Al,O;, SiO,, and TiO,, SiO,
was found to be the optimum support due to its high surface area and its ability to resist
poisoning by P,0;. On 10% V/SiO, catalysts, 100% (to our limit of detection of 0.1%)
conversion of DMMP was reached for more than 100 hours at 723 K. IR, XRD, IC, and
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XPS results illustrated that the used catalysts contained phosphorus species. The
presence of methylphosphonic acid on the catalyst surface and downstream of the packed
bed reactor demonstrated the difficulty of P—CH, cleavage. The deposition of coke in
the catalyst bed and along the reactor wall resulted from the dehydration of methanol and
DMMP on P,0;. Accumulation of phosphorus species and coke on catalysts gave rise to
tremendous loss of surface area. However, P,0; itself was observed to catalyze the
decomposition of DMMP. A mechanism for this reaction was proposed to explain these
experimental observations. Activated carbon was also found to be effective in the
destruction of DMMP above 623 K and a two-stage mechanism involving the formation
of P,0; is postulated to explain the high activity.

Summary of Experimental Apparatus and Conditions

Ultra high purity air was used as a carrier gas at a flow rate of 50 mL/min, and
flowed through a bubbler filled with DMMP in order to create a vapor stream of DMMP.
The concentration of DMMP at 298 K was 1300 ppm (1 Torr). A mass of 0.100 g of
catalyst (28-48 mesh) was used for each test. The desired temperatures were controlled
by a tubular furnace equipped with a temperature controller. Two GCs were used for on-
line analysis. One GC equipped with an FID and RTX-5 column (RESTEK Corp.) was
used for analyzing dimethyl ether, methanol, DMMP, and other organic compounds.
The other GC equipped with a TCD and Carbowax column (Supelco) was for detecting

CO and CO, which were decomposition products.

Catalyst Preparation

An impregnation method was employed to synthesize the catalysts. Precursors for
the preparation of catalysts were Ni(NO,),-6H,0, Fe(NO,),"9H,0, Cu(NO,),-2.5H,0,
NH,VO; and Pt(acac),. The supports y-ALO,, and amorphous SiO, and P-25 TiO, were
obtained from Davidson and Degussa respectively. Salts were dissolved in distilled
deionized water with the exception of Pt(acac),, which was dissolved in ethanol.
Supports were then added to the solutions and stirred at room temperature for 12 hours.
Solutions were evaporated and dried at 393 K. Chunks of samples were ground and then
calcined at 723 K for 6 h. Powdered samples were pelletized and sieved into 28-48
mesh granules for catalytic tests.

Characterization Methods

X-ray powder diffraction (XRD) experiments were carried out on a Scintag Model
PDS 2000 diffractometer. Samples were loaded onto glass slides, and Cu Ka radiation
was used at 45 kV and 40 mA. The sample scans were collected between 5° and 80° 26.
Diffuse reflectance Fourier transform infrared (FTIR) spectroscopy experiments were
performed on a Nicolet 750 spectrometer with a Mercury-Cadmium-Telluride (MCT)
detector and KBr beam splitter. Spectra were collected with a resolution of 4 cm’™ using
100 scan averages. Surface area measurements were obtained using the BET method
with a Micromeritics ASAP 2010 apparatus. The samples were preheated at 423 K under



vacuum before the measurement. Aqueous extraction for ion chromatography analysis
was performed by extracting the used catalyst in warm H,O for at least two hours. The
solutions were then treated with ultrasound for 10 min and filtered through 0.22 pum
filters. The ion chromatography system contained a Dionex DX 500 ion
chromatography pump, a Dionex AS4A-SC anion exchange column and a CD 20
conductivity detector. The eluent contains 1.8 mM Na,CO, and 1.7mM NaHCO,, at an
approximate pH of 10. XPS data were obtained with a Physical Electronics ESCA
System, Model 5400, equipped with a Mg anode, a hemispherical analyzer, a position
sensitive detector and an Omni-fockus lens (nominal area diameters = 1.1 mm and 0.6
mm). All spectra were corrected for sample charging by referring the Cls photoelectron
line for adventitious carbon to 284.8 eV.

Results for Thermocatalytic Decomposition of DMMP

Control experiments with an empty reactor over the temperature range 573 K to 723
K showed that the extent of DMMP oxidation at 723 K varied less than 2%. Therefore,
it is reasonable to assume that no reaction takes place at temperatures lower than 723 K
without a catalyst. Fig.1 shows the time duration of DMMP conversion at 673 K over
different metal oxides supported on y-AL,O,. The loading contents of Ni, Fe, Cu, and V
were 10% by weight. In this study, 1 wt % PY/ALO, catalyst was used for comparison
because it has been widely used for the decomposition of DMMP. The “protection time”
or “protection period”, defined as the period over which 100% conversion of DMMP is
maintained, is an important parameter for the evaluation of a catalyst. The sequence of
protection times obtained on these catalysts are 10% V/ALO; (12.5 h) > 1% Pt/AlO,
(8.5h) > 10% CwAlLO; (7.5 h) > Al,0, (4.0 h) > 10% Fe/ALO; (3.5 h) > 10% Ni/ALO,
(1.5 h).

The vanadium catalyst exhibited higher catalytic activity than any other catalysts
examined here. After passing the protection period, nickel, iron and bare Al O, catalysts
lost activity abruptly. The conversion of DMMP actually increased after 17 h on the
10% V/AlLO,; catalyst and is explained as follows. In our experiments, we observed the
formation of significant amounts of coke initially on the catalyst bed and later along the
reactor walls. We eventually discovered that the coke was generated via dehydration of
methanol and DMMP on P,0;, a product from the decomposition of DMMP. Thus, the
accumulated P,O; along the reactor wall was able to catalyze the decomposition of
DMMP to form coke. After passing through the protection period, P,O; started to
function as a catalyst, which led to the increase in conversion of DMMP (about 98%).
Another notworthy point is that with the 10% V/ALO, catalyst, a “white fog” was
observed in the reactor exit gas stream. The white fog was trapped with water for ion
chromatography analysis and was found to primarily contain dissolved MPA.

Fig.1 shows that platinized Al,O,, as a reference catalyst, is more active than
copper, nickel, and iron catalysts, but not as active as vanadium catalysts. The protection
time of 4 hours obtained on bare y-Al,O, could be due to the stoichiometric reaction
between Al,O; and DMMP. The protection times of nickel and iron catalysts were
shorter than those on bare Al,O;. The explanation for this observation is that bulk ALO,



was covered by the phosphorus-poisoned iron, or nickel compounds (such as FePQ,, or
Niy(PO,),), which hindered further exposure of AL O, to DMMP.
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Fig. 1. Time course of DMMP conversion over different catalysts at 673 K. Inlet DMMP
concentration, 1300 ppm; total flow rate: 50 mL/min.

Fig. 2 shows the variation of methanol concentrations in the flowing stream with
reaction time. In general, we find that detection of methanol intermediate directly
correlates with a decrease in DMMP conversion. Therefore, the trend shown in Fig. 2 is
opposite to that in Fig. 1. The difference among those catalysts is that a small amount of
methanol was observed on the vanadium catalyst, even during the protection period.
After 15 h, the irregular change in methanol concentration on 10% V/Al,0; is ascribed to
catalytic effects of the formed P,O,. On ALQ;, trace dimethyl ether (DME) was detected

in the beginning of the reaction. The DME vanished soon after with an increase in
methanol.
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Fig. 2. Methanol concentration as a function of time on stream. Reaction temperature, 673 K; inlet
DMMP concentration, 1300 ppm; total flow rate, 50 mL/min.

The CO, concentrations against reaction time were also measured. The 1%

Pt/ALO; catalyst exhibits large amounts of CO, production. During the protection
period, an approximately 100% carbon balance was obtained only on the 1% Pt/AL0O,
catalyst, as compared to all other catalysts tested. Note that the 10% V/ALO, catalyst
which showed the best conversion of DMMP generated very low CO,. The carbon
balance on this catalyst was much less than 100%. The majority of carbon in DMMP
was converted to coke deposited on the catalyst and downstream (along the reactor
walls).

Since the vanadium catalyst was found to be an excellent candidate for oxidation of
DMMP, the effects of vanadium concentration on catalytic activity were investigated in
order to find a catalyst with high activity and low metal loading (see Fig. 3). The
protection times as a function of V concentration were found to be 10% (12.5 h) > 5%
(11.5h) > 1% (9.5 h) > 15% (8 h). Compared to the 5% V/AL,O; catalyst, the protection
time of 10% V/Al,O, increased by only one hour although the content of vanadium was
doubled. Furthermore, a short protection time was obtained on 15% V/ALQO,. This
observation reveals that high loadings do not benefit the activity of catalysts. An
interpretation of this trend is that high loading decreases the surface areas (shown in
Table 1), in particular for the sample with loading content up to 15%. Pure V,0; with a



surface area of 1.6 m*/g did not show activity since the protection time was less than half
an hour. Unlike the 10% V/AlO, sample, no rebound in conversion of DMMP occurred
on the 15%, 5% and 1% vanadium catalysts. During the protection period, the product
distribution of methanol on these four samples was very similar, approximately 50 ppm.
The concentrations of CO, were 360 ppm, 250 ppm, 130 ppm and 150 ppm on the 1%,
5% 10%, 15% V/ALLO; catalysts, respectively. The protection time using the 1% V/ALQ,
catalyst (9.5 h) was found to be one hour longer than that for the 1% Pt/Al,O, catalyst
(8.5 h). In other words, the high activity and low loading levels for the vanadium
catalyst imply that these vanadium catalysts may be of practical interest for replacing
platinum catalysts for the catalytic oxidation of DMMP,
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Fig. 3. Effects of vanadium loading on protection time. Reaction temperature, 673 K; inlet DMMP
concentration, 1300 ppm; total flow rate, 50 mL/min.




Table 1. BET surface areas of supports, fresh, and used catalysts.

Catalysts Surface Areas of  Surface of Areas of Reaction Time

Fresh Catalysts Used Catalysts

(m%/g) (m%/g) (hour)

SiO, 262.2
TiO, 50.2
V,0; 1.6
ALO, 289.2 3.8 5
10% Cuw/AlLQ, 229.6 59.0 14
10% Fe/AlQ, 223.8 136.8 5
10% Ni/ALO, 227.7 159.2 2
1% Pt/AL0, 284.8 13.2 14
1% V/ALO, 272.6 7.9 20
5% V/ALO, 255.9 11.2 50
10% V/ALQ, 248.8 4.3 100
15% V/ALO, 203.8 16.5 20
10% V/TiO, 29.9 244 9
10% V/SiO, 190.4 10.6 100

Activity as a Function of Catalyst Support

The disadvantage of using Y-ALO,; as a support is that basic y-ALO; is able to react
with acidic P,O; to form AIPO,, which can give rise to a drastic loss of surface area. For
comparison, the relatively acidic supports, such as SiO,, and TiO,, were chosen in this
study. Fig. 4 shows the conversion of DMMP on vanadium (10 wt %) catalysts
supported on Al,O;, SiO, and TiO,. XRD results demonstrated that SiO, was amorphous
and that commercially available P-25 TiO, is a mixture of anatase and rutile with a ratio
of 75:25, as confirmed in the literature. The catalytic activity was markedly enhanced




using SiO, for which a protection time of 25 h was obtained. This catalyst was actually
run for 100h. After passing through the protection time, the 10% V/SiO, catalyst
deactivated slightly and the conversion of DMMP fluctuated within 99-100%. However,
the 10% V/TiO, catalyst deactivated very quickly. The low surface area of this catalyst
(29.9 m*/g) may be the explanation of poor activity. Lee et al. [1] reported that Pt/TiO,
was not as effective as Pt/Al,O,. The methanol concentrations were maintained at an
average level of 50 ppm, 250 ppm and 750 ppm on ALQ,, SiO, and TiO, catalysts,
respectively. The CO, concentrations were 130 ppm and 250 ppm on Al,O; and SiO,
catalysts, respectively. A trace amount of CO, was obtained on the TiO, catalyst. Pure
Si0, and TiO, supports did not exhibit catalytic activity. Thus, is summary, 10%

vanadium supported on SiO, was the best catalyst we have found for the decomposition
of DMMP.
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Fig. 4. Effects of supports on protection time. Reaction temperature, 673 K; inlet DMMP
concentration, 1300 ppm; total flow rate, 50 mL/min.



Temperature dependence

The oxidation of DMMP is a particularly temperature sensitive reaction because the
decomposition product P,O; has a high sublimation point (623 K). Low temperatures
will therefore result in the accumulation of phosphorus species on catalyst surfaces. In
order to investigate the effects of temperature on catalytic activity, temperature
dependent experiments were conducted on the 10% V/Si0, catalyst and these results are
presented in Fig. 5. The protection times at 623 K, 673 K and 723 K were § h, 25 h and
>100 h respectively. At a temperature as low as 623 K, accumulated phosphorus species
on catalyst surfaces led to a drastic loss of active sites and surface area. This could be the
main reason for the deactivation of the catalyst at such low temperatures. In contrast, the
catalyst survived more than 100 h at 723 K. The concentration of CO, at 723 K was
approximately 750 ppm. Small amounts of effluent methanol were detected (about 25
ppm). Coke was formed on the catalyst and along the reactor wall. In comparison,
Graven et al. [2] examined the effect of temperature on deactivation over 0.5% Pt/ALO,
catalysts and found that deactivation was still observed at 717 K under their reaction
conditions.
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Fig. 5. Temperature dependence of oxidative decomposition on 10% V/SiO,. Inlet DMMP
concentration, 1300 ppm; total flow rate, 50 mL/min.
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BET surface areas

The BET surface areas of fresh and used catalysts are listed in Table 1. All the used
catalysts were run at 673 K for different times until they deactivated. The data for the
10% V/Si0, catalyst, which was tested at 723 K for 100 h, was not available because the
catalyst was firmly stuck to the reactor wall and could not be removed. The bare Al,O,
lost its surface area very quickly (from 289 to 3.8 m%g) in 5 h because of the
stoichiometric reaction between AL,O, and DMMP. The high surface areas of the used
10% Cu/Al,O, and 10% Fe/Al,O, catalysts are due to their short reaction times related to
their protection times (shown in Fig. 1). Investigation of the relationship between
vanadium loading content and surface area indicates that increasing loading contents
(from 1% to 15%) gives rise to a decrease in surface area. After a 100 h run, both 10%
V/ALO; and 10% V/SiO, samples lost almost all their surface area. The accumulation of
phosphorus-bearing compounds and coke may be the explanation of this observation. In
general, a support with low surface area, such as Ti0,, is not suitable for this reaction.

Fourier Transform Infrared Experiments

Investigation of the surface species on the catalysts before and after reaction was
performed using FT-IR and the results are presented in Fig. 6. Spectrum A indicates that
the fresh y-ALO; contains large amounts of water. The broad band spanning over the
range of 3700-2500 cm™' is assigned to —OH stretches. Correspondingly, an —OH bend
appears at 1643 cm™. An Al—O vibration is indicated by a broad band at 1036 cm™.
The deactivated AL,O, shown in spectra B contains a P—CH, moiety (v,: 3002 cm, v,
2936 cm™, §,: 1418 cm™, & 1321 cm™), which has been explicitly illustrated by many
authors [see for example, ref. 3]. The band at 1230 cm™ indicates the presence of P=0
[4]. Corbridge et al. [5] pointed out that (Py—O—H stretch falls into two regions: 3000-
2525 cm™ and 2400-2000 cm™. Three peaks appear at 2319, 2223, and 2106 om™ and are
assigned to a (P)—O—H stretch. Two bands with wave numbers as high as 3832 and
3903 cm™ are difficult to assign and may be combination bands. Comparison of spectra
D (fresh 10% V/AL,O; catalyst) and spectra C (used catalyst) indicates the presence of
P—CH,, with two bands in the region of 3000-2900 cm™” on the surface of the
deactivated catalyst. In spectrum D, a striking band at 2345 cm™ is due to the (PY—O0—
H stretch. Correspondingly, a (P}—O—H deformation appears at 1393 cm™'. A weak
adsorption at 1224 cm™ is due to a P=O stretch. Another significant difference between
spectra C and D is the disappearance of an Al—O vibration near 1036 cm™. Note also,
that at the high reaction temperatures (300-450 deg C), water will be desorbed from the
surface. This observation demonstrates that the poisoning of y-Al,O, by phosphorus
species resulted in a structural change of AlLO;. Because of destruction of the
hydrophilic surface of y-Al,O,, the deactivated sample no longer contains physisorbed
water, which is illustrated by the disappearance of the —OH vibration (stretch in the
range 3700-2500 cm™ and bend at 1643 cm™). In contrast, the SiO, surface is resistant to
poisoning of phosphorus containing compounds.
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No obvious (P}—O—H band was observed in spite of the presence of trace P—CH,
moieties. However, the surface stil] lost water and free (Si)—O—H groups (3747 cm’™).
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Fig. 6. Diffuse reflectance FTIR spectra for fresh and used catalysts. (A) y-Al,0,; (B) used Y-
AlLOy; (C) 10% V/ALO;; (D) used 10% V/ALO; (E) 10% V/SiO,; (F) used 10% V/Si0,.
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X-ray Diffraction Results

XRD patterns for different samples are shown in Fig. 7. The characteristic
indices of crystalline V,0; were observed over 10% and 15% V/ALLO; catalysts (patterns
Cand D). In particular, bulk V,0, was obviously present on the 15% V/AL,O, catalyst.

However, no such characteristic indices were observed if the loading content of V,0, was
lower than 5%.

d-spacing
8.84 444 2.98 2.25 1.82 1.54 1.34 1.20

N

a: anatase
r: rutile
v: V205

Intensity

Fig. 7. X-ray patterns for different vanadium catalysts. (A) 1% V/AlL,O;; (B) 5% V/ALO;;
(C) 10% V/AL,0s; (D) 15% V/Al,O;; (E) used 10% V/ALO,; (F) 10% V/SiOs; (G) 10%
V/TiO,.




It is reasonable to assume that V,0; is dispersed on Al,O, as a monolayer. On
amorphous SiO, with a surface area of 262.2 m¥g, a small amount of bulk V,0, was
observed. Two types of TiO, crystallinity, anatase and rutile, as well as V,0, were
presented on the 10% V/TiO, catalyst. Comparison of the used and fresh catalysts
indicates that a phase transformation occurred on the used 10% V/AlLO; catalyst (Pattern
E). The broad peak with a d-spacing of 4.23 is probably due to the formation of
noncrystalline AIPO,. The results are in good agreement with a report by Baier et al. [6].
In combination with BET results, we believe that the formation of AIPO, is the reason
for the decrease in surface area of the used Al,O, systems.

Ion Chromatography Results

Ion chromatography was used to detect PO,*, methyl phosphonate acid (MPA), and
methyl methylphosphonate (MMP) on different samples. Samples were extracted with
water prior to analysis. Thus, only water-soluble species could be detected using this
method. However, DMMP was undetectable because of its nonconductivity in water.
The used 10% V/SiO, catalyst contained more PO, than the 10% V/ALO; catalyst
despite the same reaction time (100 h) and reaction temperature (673 K). This is due to
the presence of AIPO,, which is insoluble in water and thus can not be measured. The
coke scraped from the reactor wall contained a large amount of PO,*, probably from the
hydrolysis of P,0;, as well as trace MMP. The “white fog” from the outlet of the reactor
was collected for 50 h using distilled water. PO,”, MPA, and trace MMP were detected.
Compared with PO,”, MPA was present in large amounts, providing additional evidence
of the difficulty in cleaving P—CH, bonds.

XPS spectra

XPS spectra for the used 10% V/SiO, materials are shown in Fig. 8. The binding
energies for specific elements are labeled on the corresponding peaks. In comparison to
the fresh catalyst, the used catalyst obviously contains two new elements: phosphorus and
carbon, which are illustrated by the binding energies of 134.2 eV for P 2p and 284.8 eV
for C 1s. The binding energy for phosphorus indicates that phosphorus is mostly in the
form of PO,”. This is in good agreement with our IC results. The binding energy for
carbon is consistent with that for graphitic carbon. The surface concentrations (atom %)
of the used catalyst are 65.6% (O), 1.0% (V), 5.5% (P), 18.2% (P), and 9.7% (Si).

Mechanism

The detailed characterization experiments described above were valuable for
determining the mechanism for decomposition, which is in turn of value to design better
catalysts. Our results show that high surface area (262.2 m®/g) and inertness to P,O, make
Si0, an excellent support for V,0, dispersion. Thus, the 10% V/Si0, catalyst exhibits
exceptional activity for the catalytic decomposition of DMMP. Although y-Al,O; has a
high surface area, 289.2 m?/g, it is not resistant to the poisoning of acidic P,0;.



During the course of the reaction, the formation of AIPO, led to the collapse of
crystalline y-ALO; [6]. On the other hand, although TiO, is inert to P,O poisoning,
the low surface area (50.2 m*/g) inherently limits the catalytic activity. In practical
use, neither of these two supports is suitable for catalyst preparation.

Inersty(at uis)

Fig. 8. XPS spectrum of the used 10% V/SiO, catalyst (100 h).

Our experiments indicate that the P——CH, bond is hard to cleave even
though the majority of DMMP is decomposed into phosphorus oxide or
phosphate. ~ Thus, the suggested scheme for the process of DMMP
decomposition is: DMMP — MMP — MPA — PA (phosphoric acid). At high
temperature, phosphoric acid may exist as P,O; as a result of dehydration.
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The following scheme (1-4) is suggested to explain the reaction processes:

In the beginning of the reaction, DMMP is catalytically converted to methanol, CO,, and
P,O; in the presence of oxygen (Step 1). Subsequently, P,O, can react with metal oxides
to form phosphates (Step 2). If more P,0; is accumulated on the catalyst or condensed
along the reactor wall, it is able to catalyze the decomposition of DMMP to form new
P,O; and other products (Step 3) since P,O; is a strong desiccant and is able to extract
water even from organic compounds. The assumptions have been confirmed by the
following experiments:

Experiment 1: More than 90% conversion of DMMP was obtained at 673 K
when an air stream with DMMP vapor passed through the pure P,O; bed in the
absence of any aforementioned catalysts. P,O; sublimed slowly and then condensed
on the downstream reactor wall. Coke was observed as the major product and
formed in the same region containing P,0;. Methanol and CO, were present in small
amounts.

Experiment 2: If the carrier gas (air) was replace with helium, high conversion
of DMMP (~90%) and coke was still obtained on P,0;. Instead of CO,, dimethyl
ether and methanol were observed.

Catalyst
DMMP + 0, <2\ fethanol + CO, + P,0; (1)
P,05 + Metal Oxide ———> Phosphate (2)
P,0;
DMMP + O, ——> Methanol + CO, + Coke + P,0s 3)
P,0;
Methanol —> Coke + CO, 4)

Experiment 3: Coke was formed at 673 K on P,O, if DMMP was replaced with
methanol vapor.

Experiments 1 and 3 verify the appropriateness of Steps 3 and 4, respectively.
Experiment 2 demonstrates that P,O, can remove molecular water from DMMP
without the assistance of oxygen. However, the detection of CO, and methanol,
instead of dimethyl ether, in the oxidation of DMMP demonstrate that the key
reaction proceeds via Step 3 after P,O; starts to function as a catalyst. Over
vanadium catalysts, (e.g. 10% V/SiO,) the reaction proceeds as in Step 1. P,O;
accumulates in the catalyst bed at the start of DMMP decomposition since V,0, and
Si0, are resistant to P,O;. After the vanadium catalyst passes the protection period,
Step 3 actually dominates the reaction because the accumulated P,O; begins to
catalyze the oxidation of DMMP. The conversion of DMMP at this stage 1s not
absolutely 100% (99 ~ 100%, Fig. 5). The prerequisite for Step 3 is adequate
accumulation of P,0s. Therefore, the long protection time achieved with 10%
V/ALLO, and 10% V/SiO2 catalysts is due to the combination of the original




vanadium catalysts and subsequent P,0,. However, on other metal oxides (N10,
Fe,0;, and CuO) as well as AL, O, supported catalysts, the combining effects of both
catalysts and P,Os is disrupted because of consumption of P,O, in Step 2.
Insufficient P,O; is generated during the protection period for subsequent DMMP
decomposition. This conclusion can be used to interpret the data for the 10%
V/ALO; catalyst in Fig. 1. If a catalyst can not survive for a sufficient time to
provide enough P,O;, the conversion of DMMP will abruptly decrease after the
protection time. The unusual behavior of the 10% V/SiO, catalyst is due to the
resistance of both the active component (V,0;) and the support (SiO,) against the
poisoning of P,0;. Therefore, P,O, plays two totally different roles for different
catalysts: (1) P,O;s can poison catalysts to form phosphates if the active components
or supports are able to react with acidic P,O;; (2) Instead, P,Os can assist to
decompose DMMP if a certain amount of P,O; is accumulated in a reactor. To the
best of our knowledge, such data and corresponding explanations have not been
previously reported.

Activated Carbon

In addition to the above-described vanadium catalysts, we have found that
activated carbon is similarly effective in decomposing DMMP with high (~100%)
efficiency. The activated carbon used in this study was obtained from Strem Chemicals,
Inc. The granular activated carbon was cracked into 28-48 mesh particles for activity
tests. The BET surface area was 897.5 m%g, with a pore volume of 0.6033 cm’/g. After
being degassed at 300 °C for 10 hours, the activated carbon lost 18.5% of its weight due
to water desorption. After reaction, the activated carbon lost the majority of its
micropores as its surface area and total pore volume decreased (897.5 to 241.3 m?/g).
Although the total pore volume decreased, the macropore volume increased.

During the course of the reaction, large amounts of phosphorus species and coke
occupied the pores resulting in a sharp decrease in pore volume and surface area.
Experimental results showed that the decomposition of DMMP involved two stages. In
the first stage, activated carbon behaved as an initiator converting DMMP into CO,,
methanol, and P,O;. This reaction required oxygen supplied from air. In the second
stage, P,O; accumulated in the reactor was able to catalyze the decomposition of DMMP.
The second stage was actually an autocatalytic process.

As the experiment is initiated (see Fig. 9), the activated carbon is relatively stable in
flowing air at temperatures below 673 K. A “‘burning’ process then occurs and releases
CO, at 723 K. After 5 h of reaction above 673 K, the activated carbon loses its porosity
and surface area almost completely. However, the conversion of DMMP remains above
99% for 100 h. The prolonged apparent protection time is contributed to by both the
activated carbon catalyst and the P,O, formed in the reaction process. This autocatalytic
reaction is temperature dependent since high temperature facilitates cleavage of the P—
CH, bond.
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Photocatalytic Experiments

In addition to the thermally activated catalytic experiments described above, we also
investigated the photocatalytic decomposition of DMMP. The catalyst used was titania
and the details of the experimental set up are shown in the Appendix.

In order to design a photocatalytic reactor for the destruction of CWAs, the intrinisc
or kinetic rates of reaction must be determined. We have done this using the data
generated with UTRC’s intrinsic rate reactor. The oxidation rate was defined by

r=245(X;, - Xp) Q1 A
where r (u-mole/cm™hr) is the oxidation rate; and X;, (ppm) and X, (ppm) are the inlet
and outlet DMMP concentrations, respectively; Q (Ipm) is the volumetric flow rate; and
A (cm®) is the area of the titania-coated glass-plate; the numerical coefficient accounts for
the units change.

Intrinsic rate determinations were performed at a 4 Ipm flow rate. To check for gas-
side mass-transfer influence, the flow was doubled to 8 Ipm. The subsequent oxidation
rate remained unchanged indicating that the oxidation rates obtained at the 4 Ipm flow
were free of gas-side mass-transfer influences. For the generation of intrinsic rates, the
relative fractional change in the DMMP concentration through the reactor was
maintained below 0.1 through the selection of an appropriate catalyst (slide) length. This
ensured that the reactor was being operated in a differential mode during intrinsic rate
determinations.

In all photooxidation experiments the following protocol was used: First, the gas
flows, DMMP, and water vapor levels were set. When the inlet/outlet DMMP
concentrations reached steady-state and were of equal magnitude, the UV lamp was
illuminated.

For the study of possible homogeneous reactions, uncoated glass-slides were placed
in the reactor. The lamp type (germicidal or ozone), irradiation intensity, DMMP, and
oxygen level were varied. No change in DMMP, carbon dioxide, or carbon monoxide
level through the reactor was seen when irradiated with the germicidal lamp. For the
ozone lamp, a change in DMMP concentration through the reactor was observed, even in
the absence of oxygen, indicating the presence of direct photo-dissociation. The change
in DMMP monotonically increased with increasing oxygen level up to the highest
oxygen level used.

Catalyst deactivation due to the reaction of DMMP was first observed under black-
light irradiation as discussed in our previous paper (see Appendix). In that study,
rejuvenation of the catalyst was accomplished by simply washing the catalyst with water.
The photooxidation of DMMP under germicidal and ozone lamps irradiation also
resulted in deactivation of the catalyst. The oxidation rate from the germicidal and ozone
lamps did not differ significantly, and could be the result of the low irradiation level used
and concomitant low ozone level. A performance comparison for these two lamps at the
maximum available irradiation level is shown in Fig. 10. In spite of a high ozone level
with the ozone lamp and an expected concomitant ADMMP of 0.8 ppm from the
homogeneous reaction pathway, there was no significant difference between the two

lamp types.
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Honeycomb: 10 pores/cm®, 3.09 cm¥pore, 30.9 cm¥cm?,
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Figure 11 DMMP Demonstration Reactor.
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DMMP Demonstration Photocatalytic Reactor

For the study of possible homogeneous reactions, uncoated honeycombs were
substituted for the coated honeycombs in the demonstration reactor (Fig. 11). The lamp
type (black-light, germicidal or ozone), oxygen level, and flow rate were varied. No
change in DMMP, carbon dioxide, or carbon monoxide level through the reactor was
measured when irradiated with the black-light or germicidal lamps. For the ozone lamp, a
change in DMMP concentration through the reactor was observed and is shown in
Table 2. The change in DMMP at zero oxygen indicated the presence of significant direct
photo-dissociation. The addition of oxygen (20%) generated ozone and resulted in a
further increased in the rate of DMMP disappearance. The high ozone level, compared to
those seen in the intrinsic reactor, was a consequence of the lamp sitting in the flow field
and subsequently a greater volumetric generation of ozone was produced. The presence
of ozone suppressed the formation of carbon dioxide but enhanced the formation of
carbon monoxide.

The performance characteristics of the UV lamps are shown in Table 3. The UV
intensity is given as that at the entrance plane of the honeycombs, that is, 6.4 cm from the
lamp. Although the black-light lamp produce half the intensity of either the germicidal or
ozone lamps, the power used by the lamps was nearly the same. The total UV power was
computed by treating the lamp as a line source and integrating about a cylinder enclosing
the lamp. The result of the integration is an equation (see Table 2) relating the total UV
power to the UV flux at any centered distance from the lamp. The total length of each
lamp was 38 cm for the black-light lamp, and 28 c¢m for the germicidal and ozone lamps.
The interior of the reactor was exposed to only 6.4 cm of these total lamp lengths.

For the study of photocatalytic reactions, two titania coated honeycombs were placed
in the reactor (Figure 11). The lamp type (black-light, germicidal or ozone) and flow rate
were varied, while the oxygen level was fixed at 20%. The results are shown in Table 4.
Reliable carbon dioxide or carbon monoxide levels could not be determined with the
ozone lamp only and are not so reported in Table 4. The greatest DMMP disappearance
was recorded with the ozone lamp. For the ozone lamp and 24 Ipm flow rate, the 100%
DMMP disappearance could be roughly distributed as follows: direct dissociation 27%,
direct dissociation plus ozone reactions was 58%, the balance, if attributed to
photocatalytic processes alone, would be 42%. For the ozone lamp and 12 lpm flow rate,
the 100% DMMP disappearance was brought about without photocatalytic processes;
direct dissociation 57%, direct dissociation plus ozone reactions was 100%. With respect
to the power consumed by the lamps, the effect of the UV lamp type on DMMP
disappearance followed the order: ozone-lamp > germicidal-lamp > black-light-lamp.
No attempt was made to determine the quantum efficiency of these lamps.
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Table 2 Homogeneous DMMP disappearance for variations in oxygen and flow rate

Flow Water O, Ozone DMMP ADMMP ACO2 ACO Eff.
Rate Vapor

(pm)  (ppm) (%) (ppm) (ppm)  (ppm) (ppm) (ppm) (%)

12.1 5600 20 33.0 2.03 2.03 0.00 1.10 100
12.1 5300 0 0.00 2.24 1.27 0.45 1.39 57
24.0 4300 20 16.4 2.52 1.47 0.00 0.78 58
24.0 4500 0 0.00 2.54 0.68 0.03 1.07 27

0.050 0.050 0.014 0.180 5

Table 3 UV intensity and power usage for the UV lamps used in the
demonstration reactor

UV Lamp Power Power UV uv Uv
Used Usedby @ 6.4cm Power Eff.
by Ballast From

Lamp Lamp**
(watts)  (mW/cm?) (%)

(watts) (watts)
Black-Light 20.1 1.15 2.4 4.2 16.5
Germicidal 1 22.4 0.98 4.9 8.3 26.2
Ozone 22.4 0.98 4.9*% 8.3* 26.2

* UV at 254 nm

3

1572 y (4y? +12)21
12y +2172

the distance from the lamp to the UV-meter, I,y is the UV intensity at y.

** UV — Power = 2 where L is the lamp length, v is
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Table 4 DMMP disappearance with photocatalytic titania, effects of UV-lamp
and flow rate: oxygen at 20%

# Lamp* Flow Water Ozone DMMP ApMMP ACO, ACO Eff.
Rate Vapor
(Ipm)  (ppm) (ppm) (ppm) (ppm)  (ppm) (ppm) (%)
1. Ozone 12.1 5200 33.0 1.74 1.74 - --- 100
2. Germ. 12.1 5200 0.00 2.03 1.48 1.13 1.27 73
3. Black-Light 12.1 5400 0.00 2.03 0.72 090 0.69 35
4. Ozone 24.0 3800 16.4 2.33 2.33 -—- - 100
5. Germ. 24.0 3900 0.00 2.33 0.99 1.29 1.10 42
* Test # 6 used two UV lamps, all other tests used a single UV lamp
G 0.050 0.050 0.014 0.180 5

Theory-Experiment Comparisons

A one-dimensional computerized model of photocatalytic reactors was previously
presented by Hall et al. [7] for honeycomb monoliths. The program is based on analysis
of the distribution of UV light within diffusely illuminated honeycomb channels using
conventional shape factor analysis, mass transfer of gaseous contaminants to the channel
surfaces using standard one-dimensional Sherwood number correlations, and
photocatalytic destruction of the contaminants on the surface using measured intrinsic
destruction rates. Comparisons of the model predictions with experiments performed in
a demonstration reactor are shown in [7] to be quite good for contaminants such as
formaldehyde and toluene.

The model deals only with heterogeneous, photocatalytic destruction of DMMP,
with no gas-phase chemistry included. Therefore, only those experiments which used
either black- or germicidal lamps and for which the destruction could be attributed to
photocatalytic processes were modeled. The intrinsic rate and UV intensity dependence
measured for DMMP were used. The mini-reactor tests were conducted at relative
humidity levels close to that for which the intrinsic rate was measured, and no further
corrections for relative humidity were made. Although the intrinsic rate was measured
with a black-lamp, it was assumed that there is no difference between black- and
germicidal lamps on a unit UV flux basis.
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Table 5. Comparison of Theory with Experiments

Experiment | Flow rate | DMMP UV Flux Measured Calculated
(Ipm) Conc. (ppm) | (mW/cm?) Efficiency Efficiency

2 12.1 1.74 4.9 68% 60-67%

3 12.1 2.03 4.9 73% 60-66%

4 * 12.1 2.03 2.4 35% 43-50%

6 ** 24.0 2.33 4.9 42% 46-53%

* Black-light
** Two UV lamps

Two calculated efficiencies are shown in Table 5. The lower of the two corresponds
to a correction to the intrinsic rate for the possibility that the UV meter was out of
calibration at the time the intrinsic rate measurement was made (the meter was found to
be out of calibration about a year later in other tests with the real UV intensities a factor
of 1.35 greater than indicated). The approach velocities corresponding to the two flow
rates in Table 5 are so low (5 and 10 cm/sec) that mass transfer resistance is a significant
influence in the experiments. The model is seen to be slightly low relative to experiment
for tests 2 & 3, and higher than experiment for tests 4 & 6. However, given the
simplicity of the model and experimental uncertainties, the agreement is encouraging,
and gives support to the idea that the model could be used to design scaled-up reactors
which could be used for large scale destruction of DMMP.

As an example, the predicted performance of a large scale reactor capable of
purifying 200 CFM of air containing DMMP at 100 ppm is shown in Fig 12. The reactor
consists of 12 titania-coated honeycomb monoliths spaced about 8 inches apart each with
a cross-sectional area of 20 square feet. Using the slower of the two intrinsic destruction
rates for DMMP discussed previously, the single pass efficiency of the device reaches
99.85% with a total input power of 18 kW. The gas would be heated about 50 deg C for
this power input. For the faster of the two rates, the power consumption would be about
20 % less for the same efficiency.
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Fig 12 Predicted Performance of Large-Scale DMMP Photoreactor.
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Conclusions

In summary, we believe that significant advances were made during the three year
ARO contract on the photocatalytic and thermocatalyltic decomposition of the CWA
simulant, DMMP. The most important result during the final year of the contract was the
discovery of catalysts (primarily V on silica) that exhibited high conversion (~99.9%
conversion to our detection limit of 0.1%) of DMMP. The catalysts were run
continuously for over 100 hours with no apparent deactivation. Various characterization
methods were employed to elucidate the mechanism and it was found that P,O; plays an
important catalytic role, instrumental in maintaining high conversion of DMMP for
prolonged periods. Activated carbon was also found to be effective in destroying DMMP
at temperatures above 673 K, with no deactivation- once again due to P, formation. In
addition to the thermocatalytic study, a photocatalytic reactor prototype was constructed
for the destruction of DMMP using titania as the catalyst. The reactor was designed
based on intrinsic rate measurements done at UTRC and a model developed previously at
UTRC for titania-coated honeycomb monoliths.  The experimental conversion
efficiencies were in reasonable agreement with those predicted by the model. An
approximate reactor size is given based on 99.85% conversion efficiency of DMMP.
Although photocatalysis is a widely publicized method, it is important to consider the
fact that catalyst poisoning does occur. It is therefore important to include kinetic rates
and detailed modeling, such as the work begun in this study, before developing prototype
systems for the military.

Future work in this area, potentially through a follow-on proposal submitted in ’99,
would benefit by a ‘combinatorial” or ‘high-throughput screening’ approach to further
develop and optimize catalysts for efficient destruction of CWA simulants.
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Abstract

The photocatalviic decomposition of gas-phase dimethyl methylphosphonate (DMMP) on TiOz-coated glass substrate was studied using

a single-pass reactor, The disappearance of DMMP and the appearance

of products were monitored for severa] DMMP concentrations

between 1 and 90 ppmyv in air. Intrinsic reaction rates were determined. products were identified and reaction chemistry has been postulated.

The main reaction products identified were carbon dioxide and carbon

Keywords: DMMP; Titania; Photocatalysis; Organophosphorus: Photo-oxidation: Nerve gas

1. Introduction

The decomposition of organophosphorus compounds has
been of interest for several years, primarily for the destruc-
tion of chemical warfare agents and pesticides, as well as
other phosphorus-containing hazardous waste. With
approximately 25000 tons of chemical weapons stockpiled
in the US alone, there is interest in developing methods
alternate to incineration for safely destroying these stock-
piles. In addition to large-scale disposal, destroying trace
quantities of such pollutants in enclosed spaces is important
for storage and transport applications. Photocatalysis has
emerged over the last two decades as a low cost and
environmentally benign method to destroy low concentra-
tions of pollutants in air and aqueous feed streams. In this
study we report the photocatalytic oxidation of dimethyl
methylphosphonate (DMMP); a widely used simulant for
nerve gas (e.g., iso-propvl methylphosphonofiuoridate or
GB).

One of the main difficulties in the catalytic decomposition
of phosphorus-containin g compounds is poisoning or degra-
dation of the catalyst. Several studies have been reported on
the thermal decomposition of DMMP on various substrates,
including Ni (111), Pd (11 1), Rh (10 0), Al,O;, Mo
(100), Fe:03, SiO., and Pt {1-8]. In most of the above
studies, with the exception of Mo (10 0). the catalytic
—_
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reaction was not sustained due to the accumulation of
products on the catalyst surface. In contrast to the thermally
catalyzed reactions of DMMP reported above, we have
studied the photocatalytic decomposition of DMMP on
titania at room temperature. The use of titania for the
oxidation of organophosphonates and pesticides in aqueous
solutions has been documented in recent studies [9~15]. As
opposed to liquid-phase reactions, we report here the photo-
catalytic reaction of DMMP in the gas-phase on a titania-
coated glass support. The goals of the study were to deter-
mine intrinsic oxidation rates, identify reaction products,
and demonstrate rejuvenation of the de-activated catalyst.

2. Experimental
2.1. Materials

DMMP was purchased from Aldrich and used without
further purification. Titania, P-25 was purchased from
Degussa. Niwrogen from an in-house source and oxygen
(Matheson; 99.999%) were used in all experiments.

2.2, Intrinsic rate apparatus

A glass-plate photocatalytic reactor was used to generate
intrinsic oxidation rate data. A complete description of the
reactor and its operation is presented elsewhere [16]. Ultra-
violet (UV) illumination was provided by a pair of black-

1010-6030/98/$ - see front matter © 1998 Elsevier Science S.A. All rights reserved.
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light lamps (352 nm peak intensity, SpectroLine XX-15A).
UV-intensity at the catalvst surface was measured byaUVA
power meter (Oriel UVA Goldilux). DMMP was generatzd
by vaporizing DMMP in a temperature-controlled-water
bath. Control of the DMMP generation rate was effecte
through selection of the water bath temperature and the
length and diameter of a fead tube leading from a DMMP
containment vial: the DMMP effiuent from the vial was
swept away by a flow of nitrogen gas. High-purity nitrogen
gas passed through a water bubbler to set the desired watar
vapor level. An oxygen gas flow was combined with the
nitrogen and DMMP flows to produce the desired carrier gas
mixture (10% oxygen and 90% nitrogen).

An opaque film of Degussa P-25 titania was deposited on
flat 25 mm wide microscope glass slides using a wash-coat
process. The wash-coat was 5% by weight of titania in
distilled water. A titania film was prepared by dipping the
glass slide in the wash-coat several times. air-dried betwesn
dippings. and then oven- -dried at 60°C. This process was
repeated until a 0.90 mg/cm” film (one side) was attained. A
fresh titania-coated slide was used in each DMMP experi-
ment. The photocatalytic activity of each catalyst slide was
determined from the photo-oxidation of 1-butene. which has
been previously studied in this laboratory.

2.3. Analysis of reaction produc:s

The concentrations of water vapor. carbon dioxide. and
carbon monoxide were measured using a photo-acoustic
detector (Briiel and Kjer 1302). The concentrations of
DMMP and 1-butene were measured using a gas chromato-
zraph (HP-3890 II) equipped with an FID detector and a
megabore column (Restek RTX-502.2). Gas standards
(Matheson) were used to calibrate the detectors for carbon
dioxide. carbon monoxide. and 1-butene. A standard for
DMMP was provided by vaporizing DMMP in a tempera-
ture-controlled oven (Metronics 230 Dynacalibrator). For-
maldehyde and methanol were not detectable with the
photo-acoustic detector due to overlap of DMMP absorption
bands in the IR region.

After reaction with DMMP, the titania slides were
immersed in distilled deionized water and the reaction
products were extracted using ultrasonication. The axtractad
products were analyzed by ion chromatography using a
Dionex AS4A-SC anion exchange column and a Na- -CO/
NaHCO; buffer. Standards of methyl phosphonic acid
(MPA) and phosphate (phosphoric acid) were used to iden-
tifv the products.

In order to collect gas-phase products. a cold- -trap (dry ice/
acetone at ~—78°C or ethanol/liquid nitrogen maintained
at ~~80°C) was used to trap volatile products at the exit of
the titania reactor. The concentrated products were then
identified by GC/GCMS/IR. The primary gas-phase pro-
ducts that we attempted to detect with the mass- spectrometer
included methanol. formaldehyde. formic acid. and methy]
formate.

33

3. Results and discussion
3.1 Preliminary reactivine measuremen:s

Control experiments verified that under UV- -illumination.
no change in DMMP level or evolution of carbon dioxide or
carbon monoxide was observed with uncoated slides. It wa
also shown that both oxyzen and UV-1 light were required for
photocatalytic decomposition of DMMP on TiO-. There was
no significant loss of DMMP due to adsorption/reaction op
non-catalytic surfaces in the apparatus.

In a study of film loading by Jacoby et al. [171. ¢
oxidation rate of trichloroethylene increased with ﬁ1m
loading up to a titania (Degussa P-23) loading of 0.3
mg/cm® and remained constant for all higher loadings.
This finding suggested that the oxidation rate maximized
at a film loading of 0.5 mg/cm® and that additional
film loading added nothing to the oxidation rate. This
conclusion should not depend on the specific contaminant
used. and hence, can be applied in the present study. The
titania film in the present study was determined to be
opague to UVA by placing a coated plate betweer
the UV black-light lamps and the UVA power meter. This
finding coupled with the conclusion drawn from Jacoby

- et al's. finding [17] suggested that the UV-radiation was

being maximally utilized in the oxidation process reported
herein.

Oxygen was maintained at a constant level of 10% by
volume for all rate measurements. Jacoby et al. [17] and
Dibble and Raupp [18] have found that for the oxidation of
trichloroethylene the rate was zero-order for oxvgen levels
above 1%. In view of the reported findings. and since the
experiments performed in the present studv used contami-
nant levels that were lower than the levels used by Jacoby at

al. {17] and Dibble and Raupp [18]. it is likslv that the
oxidation rates herzin were independent of oxvgen level for
oxveen levels above | %.

3.2 DMMP oxiduazion rates

For the data generated with the glass-piate reactor. the
oxidation rate was defined as

r=245{X — Xou1Q/A (b

“y

where 7 (4 mol/cm” h) is the oxidation ratz. X, (ppmv) and
Xouw (ppmv) are the inlet and outlet contaminant (DMMP or
I-butene) concentrations, respectively, O (Ipm). the volu-
metric flow rate. and A (cm”), the area of the titania-coated
glass-plate; the numerical coefficient accounts for the units
change.

Intrinsic rate determinations were performed at a 4 lpm
flow rate. To check for gas-side mass-transfer influence. the
flow was doubled to 8 Ipm. The subsequent oxidation rate
remained unchanged indicating that the oxidation rates
obtained at the 41pm flow were free of gas-side mass-
transfer influence [19].
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Fig. 1. Variance in photocatalyst activity of separate catalyst slides using
1-butene photo-oxidation: 1.96 mW/em® UV: 5700 ppmv humidity.

The relative fractional change in the DMMP (or 1-butene)
concentration through the reactor was maintained below 0.1
through the selection of an appropriate catalyst (slide)
length. This ensured that the reactor was being operated
in a differential mode during rate determinations.

In all photo-oxidation experiments the following protocol
was used: first, the gas flows and water vapor levels were set.
After the reactor inlet/outlet water vapor levels reached
equilibrium, DMMP (or I-butene) was introduced. When
the inlet/outlet DMMP (or 1-butene) concentration reached
steady-state and was of equal magnitude, the UV-lamp was
illuminated.

As discussed below, the photo-oxidation of DMMP
resulted in the deactivation of the catalyst. As a result. a
new titania-coated slide was used in each DMMP experi-
ment. Prior to most DMMP experiments, the photo-activity
of the subject catalyst slide was first determined by the
photo-oxidation of I-butene at several 1-butene influent
concentrations. A sample of the resultant 1-butene rate
determinations is shown in Fig. 1, in which each symbol
inFig. 1 represents a distinct slide allocated for a subsequent
DMMP eXperiment. A variance of about 5% in the relative 1-
butene oxidation rate was found from all the slides so far
examined. Catalyst de-activation by I1-butene was not
observed in any long-term exposure, as shown, for example,
in Fig, 2. Importantly, in repeat DMMP experiments, the
Same DMMP result of oxidation rate dependence with time
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Fig. 2, Stability of I-butene photo-oxidation: UVA 094 mW/em®,

1. PPm I-butene influent, 5500 ppm water vapor.
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Fig. 3. Photo-oxidation of DMMP: UVA 1.96 mW/em®; water vapor
5700 ppm: 48 ppm DMMP influent.

was found whether or not the subject catalyst was previously
exposed to 1-butene.

Evidence for DMMP photocatalytic oxidation is shown in
Fig. 3. A decrease in the reactor DMMP effluent, that is, a
negative DMMP differential change (ADMMP in Fig. 3)
through the reactor, was seen after the UV-lamp was illu-
minated. Concomitant with the decrease in DMMP concen-
trauon was the appearance of COz and CO. After the UV-
lamp was extinguished, ADMMP, COa, and CO returned to
zero. The appearance of ADMMP when the UV-lamp was
illuminated was interpreted as a photo-oxidation process. A
carbon balance of the moment the UV-lamp was extin-
guished indicated that only about 20% of the carbon was
being released as gas-phase CO, and CO.

At a relatively high UV-irradiation, a high initial rate of
catalyst de-activation was seen following the activation of
the UV-lamp, but which decreased as the influent DMMP
was decreased (Fig. 4(A)). At the highest DMMP inlet
concentrations in Fig. 4, catalyst de-activation was evident
when the UV-exposure was observed over a time interval as
short as a few hours following the activation of the UV-lamp.
At alower UV-irradiation, the catalyst de-activation rate was
also lowered (Fig. 4(B)).

The oxidation rate, defined by Eq. (1). was considered
meaningful when the adsorbate. DMMP, was in equilibrium
with its gas-phase. If the oxidation process had reached a
steady-state, then such a state of equilibrium would indeed
exist. If stringently applied, the requirement of a state of
equilibrium was not reached with DMMP, since the oxida-
tion of DMMP de-activated the titania catalyst. However. if
the rate of catalyst de-activation was sufficiently slow, then a
pseudo steady-state of equilibrium may be envisioned to
exist. and the oxidation rates may then be considered
dependent. as an approximation, on the attendant DMMP
gas-phase concentration.

The photocatalytic oxidation of gaseous contaminants on
titania was shown to follow Lagmuir-Hinshelwood (L-H)
Kinetics in many studies {16,18.20~24]. L-H Kkinetics
expresses a dependent relationship between the oxidation
rate of a contaminant and its attendant gas-phase concen-
tration. and furthermore, requires that a state of equilibrium
exists between the adsorbate (i.e.. contaminant) and its gas-
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Fig. 4. Influence of DMMP concentration on catalyst de-activation (UV-
lamp activated at 0 h): (A) 1.96 mW/em® UV, 5700 ppmv humidity: (B)
0.94 mW/cm* UV, 5600 ppmv humidity.

phase [25]. To examine if the DMMP rate data followed a L—
H rate form. an initial oxidation rate. defined herein as the
highest measured oxidation rate at a given influent DMMP
concentration, was used for the dependent variable.

A pseudo steady-state condition was likely to be achieved
in Fig. 4(B) and for the lowest DMMP concentration in
Fig. 4(A). The existence of a pseudo steady-state may not
have been reached for the two highest DMMP concentra-
tions in Fig. 4(A), and subsequently, the initial oxidation
rate, as a pseudo steady-state oxidation rate, would be poorly
determined. The initial oxidation rates computed from the
data in Fig. 4 are shown in Fig. 5. Included in Fig. 5. wasa
fit to a unimolecular L-H rate form [25] for the low UV-
irradiation (0.94 mW/cmz) case. An adequate L-H fit was
possible through the lower DMMP concentrations. It was not
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Fig. 5. Influence of DMMP concentration on DMMP initial oxidation rate:
(@) 0.94 mW/em® UV: (O) 1.96 mW/em® UV: all data at 5700 ppmv
humidity.
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Fig. 6. Influence of UVA irmradiation on DMMP initial oxidation rate;
8.1 ppmv DMMP inlet, 6000 ppmv water vapor.

possible to also include the highest DMMP concentration,
and it may be the result of not having achieved the pseudo
steady-state condition, as discussed above.

The influence of UV-irradiation on DMMP initial oxida-
tion rate is shown in Fig. 6. A low DMMP inlet concentra-
tion was used so that a pseudo steady-state rate could be
established. The functional dependence of the oxidation rate
on UV- intensity is well established both experimentally and
theoretically [18.24,26], that is. UV-intensity raised to a
power. The result (exponent in Fig. 6) is in agreement with
those found by others [22.27] under similar UV-intensites.

3.3. Regeneration of depleted titania

One of the most interesting results of our study is that a
de-activated titania catalyst may be easily regenerated by
washing with water or by subjecting the catalyst in situ to
UV-light in the absence of DMMP. The effect of these two
regeneration strategies is shown in Fig. 7. The data shown in
Fig. 7 was generated in a particular chronological order.
First. a recently titania- coated slide was exposed to UV-
illumination. following the stated experimental protocol,
and allowed to de-activate (Fig. 7(A)). Next. the slide
was exposed in situ to UV-light for 12 h in the absence
of DMMP. Following this re-conditioning period. the slide
was once again exposed to DMMP (Fig. 7(B)). By compar-
ing Fig. 7((A) and (B)) some catalyst rejuvenation was
achieved. This rejuvenation most likaly resulted from oxi-
dation of adsorbed DMMP and photodesorption of the
adsorbed intermediates during the reconditioning period.
The presence of adsorbed intermediates has been suspected
to be a root cause of the titania catalyst deactivation [22].
The slide was then kept in the dark for 12 h in the absence of
DMMP as another potential rejuvenation means. Following
this reconditioning period. the slide was once again exposed
to DMMP (Fig. 7(C)). A comparison of Fig. 7((B)and (C)).
indicated that catalyst rejuvenation was not achieved, how-
ever. Next, the slide was removed, washed in distilled water
(sequentially dipped in four fresh cylinders of distilled water
and dried at approximately 35°C for roughly 10 min), and
returned to the reactor. The slide was once again exposed to
DMMP (Fig. 7(D)). A comparison of Fig. 7((A) and (D))
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the dark, DMMP off; (D) re-condition by water wash.

indicated that catalyst rejuvenation was again achieved. The
water wash and the UV-exposure rejuvenation strategies
were repeated, but instead of exposing the catalyst to DMMP
as a test for rejuvenation. the catalyst was exposed to 1-
butene and UV-illumination. The crucial comparison was
between the oxidation rate of 1-butene determined on a new
titania-coated slide against the oxidation rate of 1-butene on
the supposed rejuvenated slide. Again, the water wash
Strategy was found to completely rejuvenate the catalyst.
while a2 h exposure to UV-irradiation was found to partially
rejuvenate the catalyst.

The washing of titania with water, as opposed to drying at
35°C, is believed to be responsible for rejuvenating the
Catalyst. Previous studies have shown that temperatures
greater than 100°C are required to remove adsorbed water
from the surface of titania [28]. This is due to the fact that the
surface of the titania in a humid environment is hydroxylated
and contains adsorbed water and hydroxyl groups. Water
Stuongly adsorbs on the hydroxylated titania surface via
hydrogen bonding to surface hydroxyl groups [28]. Other
molecules that are also strongly bonded to the surface
hydl‘oxyl groups of hydroxylated anatase and rutile, via
h‘s/dmgen bonding, include phenol, ammonia and pyridine
(29]. In addition, adsorption on a dehydroxylated site can
fesult in irreversible chemisorption [30]. Creation of a
.d‘fh}’droxylated site can result from the oxidation reaction
1self. In the case of DMMP, methy! phosphonic acid and

phosphate, strong adsorption to the hydroxylated titania
surface may take place via the phosphorus atom, and/or
via the oxveen atom of either methoxy or hydroxyl groups.
The low vapor pressures of these compounds also suggests
that they remain on the de-activated catalyst during the brief.
low temperature drying process.

3.4. Reaction pathways

The molecular structures of the nerve 2as sarin (GB) and
the simulant DMMP are shown below.

’ 0
p CH, 3
H,C ~ocH, c—07 1 OCH,
OCH3 CHJ\ H F
DMMP .Szu'in

The decomposition of DMMP compared to nerve gas is
predicted to be more difficult due to the absence of fluorine
atoms which may act as a better leaving group than methyl
or methoxy radicals.

Several recent studies in the literature are relevant to the
results we report here [9-15]. Tanaka and co-workers, for
example, have recently investigated the photocatalytic
degradation of the insecticides DDVP (dimethyl-2,2-
dichloroviny! phosphate) and DEP (dimethyl-2,2,2-trj-
chloro-1-hydroxyethyl phosphonate) in aqueous suspen-
sions of TiO, [14]. The main products observed were Cl1~
and PO.~, with formaldehyde as an intermediate that
disappeared under further reaction. In a study by Fox and
co-workers [13]. butylphosphonic acid, benzylphosphonic
acid and phenylphosphonic acid were decomposed in aqu-
eous TiO. suspensions. Kinetic data were found to be
consistent with a Langmuir-Hinshelwood model [13].

According to the generally reported mechanism for
photocatalytic decomposition using TiO., irradiation of
TiO, promotes a valence band electron to the conduction
band ([13,26] and references therein). This results in a
conduction band electron (e.”) available for reducing spe-
cies on the surface of the semiconductor, and a valence band
hole (h,™) capable of oxidizing species adsorbed on the
substrate. The actual mechanism of oxidation/reduction, is
believed to involve the production of superoxide anions and
hydroxide radicals as shown in Egs. (3) and (4).

TiOx + hv — €7 + k7 ()
e. +0; — 07 (3)
hy +H,O — H™ +" I0H 4

The conduction band electron, e, is believed to be trapped
by adsorbed O, to form a superoxide ion (Eq. (3)). The
valence band hole, &,, may be trapped by H-O to form OH
radicals; or by an adsorbed organic (e.g., DMMP or pho-
phonate intermediates) as discussed in the literature
[13.31.32].

In Fox’s study [13], evidence was found for cleavage of
the carbon—phosphorus bond and a postulated mechanistic

3¢
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route was reported as shown in Eq. (5).
$—CH:~P(=0}(OH), + H:0 + h~

— ¢—-CH; + H;POy + H~
The benzy! radical was found to be an intermediate for the
observed species p—CH,OH, $-CHO, and $-CH-CH-—¢. In

our study, we believe that the more common route of P-O
cleavage occurs before eventual P-C cleavage. This is due to

(3)

explaining the mass balance discrepancy based on gas-phase
CO./CO alone. In contrast with the liquid-phase study [11],
we have detected methy! formate (HCOOCHj). Although,
methyl formate may be formed directly on the TiO- surface,
another possibility is the formation of methanol and formic
acid which react readily to give methy! formate. We also
observed methanol from a GC analysis of cold-trap con-
stituents. The identification was based on the comparison of

the observance of methyl phosphonic acid. CHi- retention time with a methanol standard.
Hydrogen Abstraction
(o)
. F N H»'-OH g OH (i? — 0 O
H,C~1~0-CH;- 7i~QCH i~ P + 2
H,C 17 '~ OCH,OH <
OCH; ~r 3~ OCH; HC OCHj 2 HJC,'Ong"I
0
P co
H,c” '~ OH Co,
™~ OH l .0
methyl phosphonic acid
e H,PO,/PO >
Addition - Elimination \ /
0}
;’—A »~ OH O on  -cHO Q
H;C/ 1~OCH3 — /E\OCHJ -—-—)} " H C’}"\ OH + CHJ OH
OCHj3 HC OcH; N *” OCH;

P(=0)(OH)(OCH3). We also observed phosphate (POL)
and CO,, indicative of complete oxidation of DMMP.

In addition to direct oxidation by valence band holes as
discussed above, hydroxyl radical attack provides another
oxidation pathway for DMMP. The primary mechanisms for
the photocatalytic oxidation of DMMP via hydroxy! radical
attack, are hydrogen abstraction and addition—elimination
[11]. Further oxidation to proeduce CO/CO5 and H,O from
methanol and formaldehyde is anticipated as a result of the
high reactivity of these compounds on titania. A previous
investigation of the photocatalytic oxidation of DMMP in an
aqueous solution of titania [11] found that methanol was not
observed, thereby suggesting that the addition—elimination
mechanism is not significant under aqueous conditions. It is
not possible at this time, to determine the importance of the
hydroxyl radical mechanism as compared to the direct
valence hole mechanism.

In our investigation, complete conversion of any methanol
or formaldehyde that may be formed. to produce CO- and
CO appears to be the dominant reaction. Phosphates remain
on the surface along with methyl phosphonic acid which
retains a portion of the carbon content of DMMP, thereby

methyl methyiphasphonate

To investigate the formation of methyl formate, we
injected a mixed gas-phase sample of formic acid and
methanol into the GC-MS. The standard protocol of
cryo-trapping to increase sensitivity was employed, and a
GC-MS peak corresponding to methyl formate was
observed. Therefore, any gas-phase methanol and
formic acid may react during the process of detection
via the GC-MS. In addition, methyl formate may be
synthesized in the cold-trap during the process of collect-
ing products from the titania reactor. It should also be
noted that in the study of liquid-phase DMMP decomposi-
tion on titania. formic acid was detected as an intermediate,
while neither methanol nor methyl formate were reported
(11]. In contrast to the liquid-phase study which followed
the accumulation of products over several days in a closed

“reactor [11], our reactor was not a batch system. The

distribution of reactants. intermediates and products in
equilibrium would therefore be different in both cases. It
is also clear that in aqueous solution the role of water,
acidity and basicity, and the ability to strip organic/inorganic
phosphates from the surface of the catalyst, play a critical
role.
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4. Conclusions

In conclusion, we have determined the intrinsic rates for
the photocatalytic decomposition of gas-phase DMMP on
titania at room temperature. The products we detected were
carbon dioxide. carbon monoxide, methylphosphonic acid
and phosphate. There also appears to be methanol and
methyl formate; the latter most probably originates from
the reaction of methanol and formic acid. Finally, we have
determined that washing of de-activated catalyst with water
is sufficient for complete regeneration of the catalyst with
respect to both DMMP and butene reactivity. The solubility
of methyl phosphonic acid and phosphates in water aids in
removing these species from catalytically active sites.

Acknowledgements

We would like to thank Dr. Xia Tang for her assistance
with the ion chromatography detection and Dr. Dave Condit
for helpful technical discussions. Work by Lisa Washmon,
Mike Lindsay and Xiaodong Li in developing the GC-MS
method is appreciated. Support for this work from the US
Army Research Office, under contract DAAH04-96-C-
0067, is gratefully acknowledged.

References

{11 X. Guo, J. Yoshinobu, J.T. Yates Jr., J. Phys. Chem. 94 (1990) 6839.

[2] R.L Hegde, C.M. Greenlief, J.M. White, J. Phys. Chem. 89 (1985)
2886.

(3] MK Templeton, W.H. Weinberg, J. Am. Chem. Soc. 107 (1985) 97.

[4] MK. Templeton, W.H. Weinberg, J. Am. Chem. Soc. 107 (1985)
107.

{5} V.5. Smentkowski, P. Hagans, 1T Yates Jr., J. Phys. Chem. 92 (1988)
6351.

[6] M.A. Henderson, T. Jin, J.M. White, J. Phys. Chem. 90 (1986) 4607.

[7] W.M. Graven, S.W. Weller, D.L. Peters, nd. Eng. Process Des. Dev.
5 (1966) 183.

[8] T.Z. Tzou. S.W. Weller, J. Catal. 146 (1994) 370.

(91 K. Harada, T. Hisanaga, K. Tanaka, New J. Chem. 11 (1987) 8.

[10] K.E. O'Shea, I Garcia, M. Aguilur. Res. Chem, Intermed. 23 (1997)
325.

[11] K.E. O'Shea. J. Photochem. Photobiol, A; Chem. 107 (1997), 221.

[12] M.N. Schuchmann, Int. J. Radiat. Biol. 68 (1995) 121.

{13} K.W. Krosley, D.M. Collard. J. Adamson, M.A. Fox, J. Photochem.
Photobiol. A: Chem. 69 (1993) 357.

[14] K. Harada, T. Hisanaga, K. Tanaka, Wat. Res. 24 (1990) 1415.

15] J.J. Pignatello, Y. Sun, Wat. Res. 29 (1995) 1837.

6] T.N. Obee. S.0. Hay, Environ. Sci. Technol. 31 (1997) 2034.

7] W.A. Jacoby, D.M. Blake, R.D. Noble, C.A. Koval, J. Catal. 157

(1995) 87.

(18] L. Dibble. G. Raupp, Catal. Lett. 4 (1990) 345.

[19] C.G. Hill, An Introduction to Chemical Engineering Kinetics and
Reactor Design, Wiley, New York, 1977, Chap. 6, pp. 178-181.

{20] T.N. Obee, R.T. Brown, Environ. Sci. Technol. 29 (1995) 1223.

[21] T.N. Obee, Environ. Sci. Technol. 30 (1996) 3578.

[22] J. Peral, D.FE. Ollis, J. Catal. 136 (1992) 554.

(23] P. Pichat, J.-M. Herrmann, in: N. Serpone, E. Pelizzeni (Eds.),
Photocatalysis: Fundamentals and Applications, Wiley, New York.
1989, chap. 8 and 18.

{24] A. Mills, S. LeHunte, J. Photochem. Photobiol. A: Chem. 108 (1997)
L.

{25] C.G. Hill, An Introduction to Chemical Engineering Kinetics and
Reactor Design, Wiley, New York, 1977, pp. 182-184.

[26] D.F. Ollis, E. Pelizzetti, N. Serpone, Environ. Sci. Technol. 25 (1991)
1523-1529.

[27] S. Sitkiewitz, A. Heller, New J. Chem. 20 (1996) 233.

{28] G.B. Raupp. J.A. Dumesic, J. Phys. Chem. 89 (1985) 5240.

[29] B. Boddenberg, K. Eltzner, Langmuir 7 (1991) 1498.

{30] M. Nagao, Y. Suda. Langmuir 5 (1989) 42.

[31] C.K. Grazel, M. Jirousck, M. Gratzel, J. Mol. Catal. 39 (1987) 347.

{32] M.T. Dulay, D. Washington-Dedeaux, M.A. Fox, J. Photochem.

Photobiol. A: Chem. 61 (1991) 153.

{
[
i1

3¢




mipars

Guide for Authors

Submission of Papers
Authors are requested to submit their manuscripts to

Editor-in-Chief: Professor R.P. Wayne

Physical and Theoretical Chemistry Laboratory
South Parks Road

Oxford OX13QZ

UK

FAX: +44 (1865) 275410

INTERNET: JPHOTO @ Physchem.ox.ac. uk

Authors in the USA and Canada may submit their manuscripts
to the North American Editor:

Professor R.P. Steer

Thorvaldson Building

University of Saskatchewan

110 Science Place

Saskatoon, SK

Canada S7N 5C9

FAX: +1 (306) 966 4730

INTERNET: STEER @ SASK.USASK.CA

Authors in Asia shou!ld submit their manuscripts to the Asian
Editor:

Professor H. Masuhara
Department of Applied Physics
Osaka University

2-1 Yamada-oka

Suita, Osaka 565

Japan

FAX: +81 6 876 8580

Contributions are accepted on the understanding that authors
have obtained the necessary authority for publication. Submission
of an article is understood to imply that the article is original
and unpublished and is not being considered for publication
elsewhere. Upon acceptance of an article by the journal, the
author(s) will be asked to transfer the copyright of the article
to the publisher. This transfer will ensure the widest possible
dissemination of information.

Language

Papers will be published in English.

Authors in Japan please not that information about how to have
the English of your paper checked corrected and improved

(before submission) is available from: Eisevier Science Japan,
Editorial Service, 1-9-15 Higashi Azabu, Minato-ku, Tokyo
106-0044, Japan; Tel: +81-3-5561-5032; Fax: +81-3-5561-5045;
E-mail: info@eisevier.co.jp

Manuscript Preparation

Three copies of the manuscript should be submitted, in double-
spaced typing on pages of uniform size with a wide margin on
the left. Some flexibility of presentation will be allowed but
authors are urged to arrange the subject matter clearly under
headings such as Iritroduction, Experimental details, Results,
Discussion, etc. References should be numbered consecutively
(numerals in square brackets) throughout the text and collected
together in a reference list at the end of the paper. Journal titles
should be abbreviated according to the Chemical Abstracts
Service Source Index, 1970 edition, and supplements. The
abbreviated fitle should be followed by volume number, year
(in parentheses) and page number.

lllustrations

Line drawings and cyclic or aromatic formulae should be in a
form suitable for reproduction, drawn in Indian ink on drawing
paper. They should preferably all require the same degree of
reduction, and should be submitted on paper of the same size
as, or smaller than, the main text to prevent damage in transit.
Photographs should be submitted as clear black-and-white prints
on glossy paper. Each illustration must be clearly numbered.
“Quantity calculus™ notation should be used for the labelling of
the graph axes. Legends to the illustrations must be submitted
in @ separate list. All tables and illustrations should be numbered
consecutively and separately throughout the paper.

Offprints
Offprints can be ordered at prices shown on the offprint order form.

Further Information

All questions arising atter acceptance of a paper, especially those
concerning proofs, should be directed to Eisevier Science Ireland
Limited, Bay 15 K, Shannon Industrial Estate, Shannon, County
Clare, Ireland (Tel.: +353 (61) 471 944: Fax: +353 (61) 472 144;
E-mait: postmaster @elsevier.ie). The full and complete Instruc-
tions to Authors can be found on the World Wide Web: access
under http://www.elsevier.nl or http://www.elsevier.com.




Chem. Mceer. 1999, 11, 1637-1635 163°

Photoassisted Décomposition of Dimethyl
Methylphosphonate over Amorphous Manganese Oxide
Catalysts
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The gas-phase decomposition of dimethyl methylphosphonate (DMMP) has been studied
over amorphous manganese oxide (AMO) catalysts in the presence of light (~200—800 nm).
The reaction was studied under oxidizing conditions using air at low temperatures (40—70
°C). DMMP and gas-phase products were studied using gas chromatography (GC). DMMP
was found to adsorb strongly to the AMO surface and produce small amounts of methanol
(MeOH) even in the absence of light. When AMO was irradiated with light of ~200~800
nm, large amounts of MeOH and CO: were initially formed. Following the initial period of
high activity, strong deactivation was observed. After the reactions were performed, aqueous
extracts from spent AMO were analyzed using ion chromatography (IC). The IC analyses
indicated that several products accumulate on the AMO surface. These products include
methyl methylphosphonate (MMP) and methylphosphonic acid (MPA). Greater amounts of
MMP and MPA are produced after irradiation. Fourier transform infrared (FTIR) spectros-
copy was used to examine adsorbed DMMP species on spent AMO. The IR results indicate
that DMMP bonds to Mn Lewis acid sites on the AMO surface via the phosphoryl oxygen.
On the basis of these results a mechanism is proposed for the adsorption and photoassisted

decomposition of DMMP over AMO.

1. Introduction CH, CH, CH,
There is current interest in developing new methods H;CO ~P—OCH; H3CO—P—OH HO—P—OH
to safely destroy chemical warfare agents (CWAs). Such 0 0 0
DMMP MMP MPA

materials consist of extremely toxic organophosphorus
nerve and blistering agents, including Soman (GDj,
Sarin (GB), and VX. The testing of CWAs in the
laboratory is quite hazardous; therefore, studies are
typically done using nontoxic simulants such as di-
methyl methylphosphonate (DMMP).1~!! The structure
of DMMP is shown in Figure 1. DMMP is a liquid at

Figure 1. Structures of dimethyl methylphosphonate (DMMP),
methyl methylphosphonate (MMP), and methylphosphonic
acid (MPA).

298K, having a low vapor pressure (1.05 Torr).! The
P—0 and P-C bonds in DMMP are less reactive than
P-F bonds in actual nerve agents. Therefore, the use
of DMMP can provide a good measure for monitoring
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the effectiveness of methods to degrade CWAs.?

An important area recently investigated for CWA
decomposition is catalytic oxidation using metals and
metal oxides.!*~!! Early studies have examined the
adsorption and reaction of DMMP vapor with surfaces
of metals, including Mo(111) 2 Pt(111),* Pd(111),% and
Ni(111),° and with metal oxides such as Al,O3,7 SiOa,®
Feo03,%%1 MgO,!! and Lay03.1! More recently, the
catalytic oxidation of DMMP has been studied using Pt/
Al203,! PUTiOy/cordierite,!? and Cu-substituted hy-
droxyapatite® using temperatures between 150 and 500
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>C. In these recent studies, 612 high DMMP conversions
were observed at the beginning of the reactions. with
CO» and H20 as major products. Catalyst deactivation
due to adsorbed phosphate species then occurs, and
methanol was often observed. No P-containing products
were observed in the gas phase. HPLC analyses of the
spent catalysts or condensates at the ends of the reactor
showed the presence of partial DMMP decomposition
products, such as dimethyl phosphate, monomethyl
phosphate, methyl methylphosphonate, methylphospho-
nic acid, and phosphoric acid.!

Another method currently being investigated for CWA
decomposition is photocatalytic oxidation.*!? Oxidative
photocatalysis has been shown to be effective for de-
composing a wide range of toxic organic pollutants,i+
typically using TiO,. The advantages of this technique
are that benign products such as COz and H:O can be
produced, and high temperatures can be avoided. An-
other advantage of using photocatalysis is that it may
be possible to utilize solar energy for reactions.

Many researchers have investigated the photoca
Iytic decomposition of organophosphorus compouncs, =%
with several studies examining the photocatalytic de-
composition of DMMP.213 In these studies, DMMP was
photocatalytically decomposed in aqueous suspensions
of TiOs. Major products included phosphoric acid and
COs, with intermediates such as methylphosphonic acid,
formic acid, and formaldehyde being observed. The
researchers proposed that DMMP is degraded through
hydroxy! radical-mediated pathways.? Recently, the gas-
phase photocatalytic decomposition of DMMP was stud-
ied over TiOs films.? In this study, the major products
were CO and CO, in the gas phase, and MPA and PO~
on the catalyst. Deactivation was observed due to the
buildup of the P-containing species on the catalyst.**

Our research group has been interested in heteroge-
neous photocatalytic oxidation reactions using manga-
nese oxide catalysts.}¥~20 Several gas—solid reactions
have been studied including the oxidation of 2-propanol
to acetone,!® and the total oxidation of methyl halides
to CO4.1% The best catalysts were found to be mixed-
valent amorphous manganese oxides (AMO), prepared
by the reduction of KMnQOy with oxalic acid.’8720 The
high photocatalytic activity of AMO is due to the ease
with which lattice oxygen is readily desorbed.”® In this
work, we have examined gaseous reactions of DMMP
over AMO in air. Emphasis has been placed on deter-
mining reaction products, examining the role of light,

.
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and studving catalyst deactivation. Finally, a mecha-
nism is proposed to explain the interaction of DMMP
with AMO.

I1. Experimental Section

A. Preparation of Materials. AMO was prepared by a
redox reaction involving the reduction of KMnOQ, with oxalic
acid. A solution containing 1.38 g of KMnO, (Aldrich. Milwau-
kee, Wis.) in 100 mL of distilled deionized water (DDW) was
mixed with a solution containing 2.26 g of oxalic acid (Fisher,
Fair Lawn, NJ) in 100 mL of DDW. The solution was allowed
z0 mix for several hours, which then yielded a dark brownish-
black precipitate. The solid was filtered and washed with DDW
several times and then dried in an oven at 110 °C overnight.
Prior to catalytic reactions, the AMO was ground using 2
mortar and pestle. DMMP was purchased from Aldrich and
was used without further purification.

B. Catalytic Studies. A schematic diagram for the het-
erogeneous photocatalytic reactor system is shown in Figure
2. A 1000-W Xe arc lamp (Kratos, Schoeffel Instruments, model
LPS 255HR Power Supply and LH 151 N lamp housing,
Westwood, NJ) was used as the light source. No filters were
used; therefore, radiation from the lamp spanned over the
eatire ultraviolet and visible range (~200-800 nm). A water
hottle was placed between the light source and the reactor to
remove heat and infrared radiation. Air was used as the
oxidant and was passed through a bubbler containing liguid
DMMP, which was kept in a water bath at 25 °C. The flow
rate of air was 30 mL/min. Under these conditions, the inlet
DMMP concentration is ~0.14 mol %. The gas was then passed
through a stainless steel reactor containing a thin layer (50
mg) of catalyst on a Gelman Sciences glass fiber filter. The
reactor temperature was kept at 40 °C, and the outlet lines
were heated to 110 °C to prevent condensation of DMMP and
other products.

Temperature measurements made inside the reactor indi-
cate that the lamp causes the temperature to increase to 70
°C at the surface of AMO. These measurements were made
by loading AMO into the photoreactor. A small hole was made
in the glass fiber filter. A narrow thermocouple wire was then
directed up from the bottom of the photoreactor through the
hole in the filter such that the tip was visible from the top of
the reactor and surrounded by AMO.

C. GC Analyses. Reactants and products were analyzed
using a Hewlett-Packard 5880 series I gas chromatograph
equipped with an actomatic gas-sampling valve. A Carbowax
20M capillary column with flame ionization detection was used
to analvze for DMMP and methanol. CO. was analyzed using
a GSC Gas Pro capillary column with thermal conductivity
detection. Calibration curves for methanol and CO; were
prepared from gas standards prepared in our laboratories.

D. FTIR Analyses. Fourier transform infrared (FTIR)
spectroscopy (Nicolet Magna-IR 750) was used to examine
surface species on the catalysts after reaction. & DTGS
detector with a KBr beam splitter was used for analysis over
the entire mid-IR range (4000—400 cm™!). The AMO samples
were pressed into KBr pellets (2.5% AMO by weight), and
sransmission spectra were collected.

[ess

E. Extraction Analyses of Spent AMO. Soxhlet extrac-
tions of spent AMO were performed in CHCl; and used for
analysis of adsorbed DMMP on AMO. The extracts were
examined using GC analyses. Aqueous extractions of AMO
after DMMP reactions were used to identify methylphosphonic
acid (MPA), methyl methylphosphonate (MMP) and phos-
phates (PO4*7). The structures of MPA and MMP are shown
in Figure 1. The aqueous extracts were prepared by placing
the spent AMO in H:0O and treating it with ultrasound for 10
min. The solution was filtered through 0.22 um filters and
analyzed using a Dionex DX 500 ion chromatograph (IC)
equipped with a CD 20 conductivity detector and a Dionex
AS4A-SC anion exchange column. The eluent used was 1.8 mM
Na:CO¥1.7 mM NaHCOy buffer (approximate pH = 10).
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Figure 2. Experimental set-up used for photoreactions.

To confirm the presence of MPA and MMP in the IC
analvses, standards were prepared and retention times were
established. MPA was available commercially (Aldrich), whereas
MMP needed to be synthesized in our laboratories. MMP was
prepared according to literature procedures by partial hy-
drolysis of DMMP in aqueous NaOH solution.” In this proce-
dure, 0.140 mol of DMMP was added to 150 mL of a 10%
NaOH solution, and refluxed gently for 5 h. The solution was
cooled slowly and acidified to pH = 2 with concentrated HCI.
The solution was vacuum-distilled until a NaCl precipitate was
observed in the distillation flask. The mixture was extracted
several times with acetone and then filtered. The acetone
extract was dried over CaSO, for several hours. The extract
was refiltered and placed in a rotovap until ~15-20 mL of
liquid remained. The sample was vacuum distilled, and a
distillate was collected almost immediately. This distillation
was necessary to remove trace amounts of acetone in the
mixture. Following several more minutes of distillation, a
small amount of liquid (~1 mL) was observed in the receiving
flask. The liquid was identified as MMP and was confirmed
by 'H NMR studies.?!

II1. Results

A. AMO Preparation. The redox reaction between
XMnO; and oxalic acid Jeads to the precipitation of
MO, which after drying has a composition of Kjg-
Mng9302.2° The average Mn oxidation state in AMO has
been determined to be 3.5—3.6, indicating that Mn
exists in mixed valencies, most likely a mixture of 3*
and 4*, with some 2*.20 Powder X-ray diffraction pat-
terns for AMO show no peaks, indicating that the
material is amorphous. Pore size distribution measure-
ments show that AMO is a porous material, having a
Surface area of 200 = 10 m%g.1®

Combustion analyses indicate that trace amounts of
turbon (0.17%) exist in AMO. In the preparation of
AMO, oxalic acid is oxidized to CO- and water, while
the Permanganate ion is reduced. Due to the vigorous
Nature of the reaction, some CO; becomes entrapped in
the pores of the solid. The CO-> may also be derived from
nnreacted oxalic acid remaining in the material.!® This

€came apparent as CO, was initially detected when

passing air over illuminated AMO. After a short period
of time, the CO. would decrease. Therefore, prior to each
experiment, air was passed over AMO under illumina-
tion to remove or desorb any CO, originating from the
catalyst. After 30 min, no CO; was detected during
photodesorption of AMO.

B. DMMP Reactions over AMO. DMMP reactions
run in the absence of AMO indicate that no DMMP
decomposition occurs when irradiated with light. DMMP
reactions over AMO were typically run over time periods
of about 5 h. Figure 3 a shows the fate of DMMP as a
function of time. In the first 131 min, the reaction was
performed under dark conditions. This was done be-
cause it was found that DMMP adsorbs on AMO in the
dark. Therefore, it was necessary to allow the DMMP
to adsorb in the dark until the surface was saturated
and the inlet and outlet DMMP concentrations became
equal. After this time, the lamp was turned on and the
reaction was allowed to continue for another 141 min.
The results show that under dark conditions, the
concentration of DMMP initially decreases to ~17% of
the original concentration, then climbs slowly back to
the inlet concentration after 2 h. When the lamp is
turned on, the DMMP concentration increases to over
three times the original concentration and then quickly
falls back to the original inlet concentration where it
levels off. All runs were duplicated several times with
fresh AMO to ensure reproducibility.

The chromatographic results using flame ionization
detection also showed the presence of another peak,
which was identified as methanol. Figure 3b shows the
production of methanol (MeOH) as a function of time
during DMMP reactions. Under dark conditions, small
amounts of MeOH were produced, starting after 40 min
of reaction. The average MeOH concentration during
this portion of the reaction was ~1.2 x 10-3 mol %.
When the lamp was switched on, the MeOH concentra-
tion increased dramatically to 3.33 x 102 mol %. The
MeOH concentration then quickly decreased to 5.0 x
1073 mol ¢, where it slowly leveled off.
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Figure 3. (a) Fate of DMMP vs time over AMO in photore-
actions, (b) production of MEOH vs time over AMO in
photoreactions, and (c) production of COz vs time over AMO
in photoreactions. Reaction conditions: 50 mg AMO, air flow
rate = 30 mL/min, lamp power = 450 W.
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Another product that formed during the DMMP
reactions was CO,. Figure 3c shows the formation of
CO; during DMMP reactions. We do not see evidence
of CO; formation under dark conditions. Some CO2
peaks were observed toward the beginning of the
reaction; presumably from noise or trace amounts of CO,
remaining in the AMO. After the light was turned on
there was a large increase in the CO2 concentration,
corresponding to 0.196 mol %. The concentration of CO2
then quickly dropped to 0.017 mol %, where it remained
fairly steady. At these low COz concentrations, the
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Figure 4. (a) Fate of DMMP vs time over AMO in thermal
studies and (b) production of MeOH vs time over AMO in
thermal studies. Reaction conditions: 50 mg AMO, air flow
rate = 30 mL/min, 0—131 min = dark 40 °C, 132-272 min =
dark, 70 °C.

analysis becomes somewhat difficult as the detection
limit is approached.

C. Temperature Effects. Temperature measure-
ments made inside the photoreactor indicate that light
causes the temperature at the surface of AMO to
increase to 70 °C. Since it is known that DMMP can
decompose at high temperatures over metal oxides,
experiments were performed under dark conditions at
70 °C to determine the thermal effects from light. In
these experiments, the reaction was first run for 130
min in the dark at 40 °C. After this time, the temper-
ature was increased to 70 °C (by flowing hot water
through a heating/cooling jacket outside the reactor).
The reaction was allowed to continue for several hours
in the dark. The results for these experiments are shown
in Figure 4, parts a2 and b. The fate of DMMP shows a
similar trend to results from the photoreaction. How-
ever, as can be seen in Figure 4b, considerably less
MeOH was produced in thermal reactions (max [MeOH]
= 7.0 x 1073 mol %). Under these conditions, no COz
was observed in thermal reactions. Turnover rates for
DMMP reactions over AMO are listed in Table 1.

D. Regeneration of AMO. After several reactions
with DMMP, AMO was collected (~90 mg) and placed
in 100 mL of DDW and stirred for ~1 h. The sample
was filtered and washed with DDW several times. The
AMO sample was dried overnight in air at 110 °C, and

3

AR AR s B b ;.. v




+

C e reanb o aiee h o o e

s' Decomposition of DMMP over AMO Catalysts

’ Table 1. Turnover Rates for DMDMP Reactions over AMO

reaction turnover rates”*
dark, T = 40 °C (131 min) 1.19 x 1073
dark, T = 70 °C (141 min) 3.67 x 107
dark, T = 40 °C (131 min) 1.20 x 1073
dark, T =70 °C (141 min) 262 x 1073

*Turnover rate = (mol MeOH + mol C0O2)/mol Mn)(h). Reaction
conditions are given in Figures 3 and 4.
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2 o e Table 2. IR Frequencies and Assignments for D¥OIP and
<1 D oreeeees e e Adsorbed DMMP on AMO after Reactions
. J ....... et IR frequencies (cm~!)
[ I liquid AMO dark  AMO dark and
P vibrational mode® DMMP reaction light reaction
oc
, " o e v, (CH,P) 2997 2988(0.002) 2986 (0.002)
Time on Stream(min) v, (CH;0) 2858 2956 (0.004) 2949 (0.002)
vs (CH;3P) 2930 2923 (0.003) 2926 (0.002)
vy (CH;30) 2854 2852 (0.003) 2847 (0.002)
0.05 S - j ds (CH,P) 2997 2988 (0.002) 2988 (0.002)
: v (P=0) 1250 1225 (0.039) 1179 (0.035)
i p (CH;0) 1189 1184 (0.029) 1179 (0.035)
00s - ) Light v (CO) 1082 - 1052 (0.099)
| v(CO) 1036 1035 (0.147) -
p (CH4P) 914 817 (0.027) 898 (0.023)
3 oo . v (PO2) 820 828 (0.022) -
2 ‘ v (PO2) 789 793 (0.017) 797 (0.014)
52 f ¥ (PC) 711 - -
g 002 ¢ Values for vibrational modes taken from Ref 11. v = stretch,
J = deformation, p = rock. a = antisymmetric, s = symmetric.
‘ Numbers in parentheses denote absorbance units.
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RS | e . .. light is switched on. After the light is turned on, a large
000 L ! ) amount of MeOH (4.0 x 1072 mol %) is initially
0 50 100 150 200 250 300 observed. This corresponds to approximately the same

Time on Stream (min)
Figure 5. (a) Time course of DMMP in AMO regeneration
studies and (b) production of MeOH vs time in AMO regenera-
tion studies. Reaction conditions: 50 mg AMO, air flow rate
= 30 mL/min, lamp power = 450 W.

the following day was retested as a catalyst in reactions
¢ DMMP. Only DMMP and MeOH were analyzed in
i-.ese experiments. Figure 5a shows the fate of DMMP
during the reaction using regenerated AMO. This result
is similar to that obtained when using fresh AMO. At
the beginning of the reaction under dark conditions, the
DMMP concentration decreases, although not as dra-
matically as in fresh AMO samples. The DMMP con-
centration then slowly increases to the inlet level. When
Fhe lamp was turned .on, the DMMP concentration
Increases significantly as with fresh AMO and then
!e‘f“]S off after several hours to concentrations near the
Mic.. concentration.

. Figure 5b shows the production of MeOH as a func-
tion of time in the regeneration experiments. The
formation of MeOH also follows similar trends as fresh

10. Under dark conditions, small amounts of MeOH
Ei?'l X 107% mol %) are formed, starting after 30 min.
he MeOH concentration decreases slightly until the

amount of MeOH seen with fresh AMO samples. The
production of MeOH then decreases as was observed
with fresh AMO.

E.IR Analysis of Spent AMO. IR analyses of spent

AMO were used to examine adsorbed DMMP species. -

The IR spectrum of liquid DMMP was first measured
for comparison and is shown in Figure 6. This was
measured by placing a small amount of liquid DMMP
onto a KBr pellet. The major peaks and their assign-
ments are listed in Table 2. Peaks pertaining to DMMP
occur between 3200 and 2600 cm~! and between 1800
and 750 cm~!. The higher frequency peaks are due to
methyl group stretching vibrations, while the latter are
due to C—0, C—P, and P=0 stretching vibrations and
methyl deformation vibrations.!! Extra peaks occurring
between 2300 and 2400 cm™! are due to atmospheric
CO:, while the broad peaks around 3450 em-! are
probably from small amounts of methanol or H.O
impurities in DMMP.

After reactions with DMMP, AMO was removed from
the reactor and IR spectra were collected. To compare
the effects of light on the adsorbed DMMP species, some
AMO was removed after reaction with DMMP in the
dark only (after 130 min). In Figure 7, IR spectra are
shown for (a) AMO, (b) AMO after exposure to DMMP
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Table 3. Amount of MMP and MPA Produced During
DMMP Decomposition Reactions
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Figure 8. Lower frequency IR spectra of adsorbed DMMP
species: (a) after reaction with DMMP in the dark, and (b)
after reaction with AMO in the dark and light.

in the dark, and (¢) AMO after exposure to DMMP in
the dark and light. The assigned IR peaks for adsorbed
DMMP species on AMO are given in Table 2. The IR
spectrum of AMO shows an intense, broad peak cen-
tered around 500 cm~!, which is due to Mn—O vibra-
tions. Peaks between 1400 and 1800 cm™}, and the broad
peak at 3300 cm~! are due to O—H vibrations, caused
by adsorbed H;0 and hydroxyl groups on the AMO
surface. Peaks are also observed between 2300 and 2500
cm™!, which are due to atmospheric COz. The sharp
peak at 1385 cm™! is believed to be from an impurity in
KBr.

The IR spectra of AMO after DMMP reactions in
Figure 7 (parts b and ¢) both show the presence of many
peaks associated with adsorbed DMMP. The most
intense peaks occur at the lower frequencies (1800-750
em™!), while less intense peaks are observed at the
higher frequencies (3200—2600 cm™?). In addition, peaks
caused hy O—H vibrations are drastically reduced after
reaction with DMMP. To see more detail, the lower
frequency portion of the IR spectra are shown for AMO
after reactions with DMMP in Figure 8. After dark

reactions (part a), peaks can be seen at 1312, 1225, 1184, -

1035, 917, 828, and 793 cm™~L. In the IR spectra of AMO
taken after reactions done in the light (part b), similar
peaks are observed; however, many of the peaks shift

reaction (mg/g)

MMP MPA
dark (131 min) 26.54 0.10
dark (131 min) + light (141 min) 67.88 6.22
dark (272 min) 28.84 0.14

in frequency. In part b, peaks are observed at 1307,
1179, 1052, 898, and 797 ecm™L.

The higher frequency portion of the IR spectra of
AMO after reactions with DMMP indicate that peaks
appear much weaker in intensity than those of the lower
frequency bands. Since these peaks are much weaker,
the analysis becomes somewhat difficult. After dark
reaction with DMMP, peaks are observed at 2988, 2956,
2923, and 2852 cm™!. After reaction with light, similar
peaks are observed; however, slight shifts to lower
energies are noted, especially for CH3O stretching
frequencies. :

F. Soxhlet and H,0 Extractions of Spent AMO.
Soxhlet extractions in CHCl; of spent AMO after reac-
tions in the dark and light showed the presence of
DMMP, indicating that some DMMP is adsorbed mo-
lecularly. No attempt was made to quantify these data.
A comparison was made between aqueous extracts of
AMO after reactions with DMMP in the dark only, and

with AMO after reaction in the dark and light. In Figure

9, an ion chromatogram is shown for an extract of AMO
taken after reaction in dark and light. The IC analyses
showed one major peak, identified as methyl meth-
vlphosphonate (MMP). A smaller peak was observed,
which was identified as methylphosphonic acid (MPA).
Additionally, small impurities from Cl-, NO;~, and
S04%~ were also observed. The IC results indicated that
AMO extracts taken after dark and light reactions
contained more MMP and MPA than extracts taken
after dark reactions. Table 3 lists the amounts of MMP
and MPA produced in DMMP decomposition reactions.
To confirm that MMP and MPA are from DMMP and
AMO, blank experiments were performed by treating
DMMP with ultrasound and examining the products by
IC. In these experiments, no MMP or MPA were
observed, verifying that these products are from the
decomposition of DMMP over AMO. No PO~ was
observed, indicative of incomplete decomposition of
DMMP, MMP, and MPA.
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IV. Discussion

A. Catalytic Results. The results from the DMMP
reactions shown in Figure 3a indicate that there is a
strong interaction between DMMP and AMO. Under
dark conditions, DMMP is strongly adsorbed on the
AMO surface. When irradiated with light, large amounts
of DMMP are desorbed from the surface. This was
apparent from the GC results as the DMMP concentra-
tion initially increased to three times the inlet concen-
tration. Additionally, a condensate was observed to form
on the inside of the quartz window of the reactor
immediately following irradiation; presumably desorbed
DMMP. These results suggest that a considerable
amount of DMMP is molecularly adsorbed onto AMO
and is desorbed immediately following irradiation. Since
the vapor pressure of DMMP is extremely low (1.05
Torr), adsorption of DMMP on the AMO surface is
favorable, especially at the low temperatures used in
these reactions.

The results from Figure 3, parts b and ¢, show that
DMMP reacts over AMO to form MeOH and CO». This
indicates that in addition to molecular adsorption, some
DMMP is adsorbed on AMO, followed by reaction to
form products. The results from thermal decomposition
reactions of DMMP over AMO (Figure 4, parts a and b)
indicate that some thermal decomposition occurs. The
turnover rate for the thermal reaction is an order of
magnitude less than that for the photoreaction (see
Table 1), suggesting that there is photoinduced decom-
position of DMMP. The high activity initially observed
after irradiation is immediately followed by fast deac-
tivation. Under these conditions, no steady-state con-
version was observed. The turnover rates for these
reactions are quite low, suggesting that DMMP decom-
position over AMO is stoichiometric and not catalytic.

We believe that these reactions are photoinitiated and
that the initial activity is due to a photoevent. Ad-
ditional thermal experiments carried out at tempera-
‘ures which were measured during in situ irradiation
(70 °C) showed significantly less (~8% photoproducts)
product formation than during photolysis experiments.
Such temperature measurements are consistent with
Previous studies using the same reactor in studies of
decomposition of CH3Br and oxidation of 2-propono].18-20
In both of these other photoreactions, there was clearly
some but significantly less thermal conversion than
chotoconversion. A significant difference here, in the
-::se of DMMP decomposition, is that deactivation and
Foisoning of the AMO catalyst is severe. We are cur-
rently devising ways to avoid such deactivation.

In catalytic oxidation studies of DMMP over metal
oxides, strong deactivation is commonly observed.16.i2
A major concern in gas-phase catalytic studies of orga-
nophosphorus compounds over solids, is that poisoning
of catalyst surfaces by PO, species is favored, especially
at lower temperatures. The total oxidation of DMMP
€an be represented by®

CE,(CH,0),P0O + (x + 15)/20, —
3C0O, + %, H,0 + PO_ (1)
In the total oxidation of DMMP, PO, species cannot be

:EmOVed from the catalyst unless temperatures >350
are used. This is because the most favored gaseous
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phosphorus oxide species (P,05) has a sublimation point
of around 350 °C.® In addition, the reaction of PO, with
H:0 can lead to the formation of phosphoric acid (i.e.,
H3PO,), which may also contribute to catalyst poisoning.

The results from the regeneration studies suggest that
by washing spent AMO with H,0, much of the phos-
phorus species can be removed. This is evident from
Figure 4, parts a and b, as DMMP and MeOH plots of
regenerated AMO showed similar trends as fresh AMO
(Figure 3, parts a and b). Regeneration by washing TiO.
after reaction with DMMP has also been shown to be
successful.*® In aqueous photocatalytic oxidations of
DMMP over TiOs, high conversion to H;POy was ob-
served for several days.!3 These results indicate that
H,0 may be very important in photocatalytic oxidations
of DMMP over solids. This most likely occurs because
H;PO,4 and other organophosphates are soluble in H.0,
and water may help in desorbing adsorbed species from
the catalysts, avoiding poisoning. Another advantage
that H20 has in photocatalytic oxidations is that reac-
tive hydroxyl radicals are generated by photooxidation
of H20. The hydroxyl radicals are often strong oxidants
and are important in the total oxidation of many organic
compounds.!3

In our work, we have examined the effect of adding
H:0 in the reaction. Experiments were performed by
passing air through a bubbler containing H,O and then
mixing it with DMMP before the reactor. The results of
these experiments showed that approximately the same
amount of MeOH was produced compared with DMMP
only reactions. These experiments suggest that a hy-
droxyl radical attack is not the predominant mecha-
nism.

B. IR Analyses. The IR spectrum of AMO before
DMMP reactions (Figure 7a) indicates that the AMO
surface is hydroxylated. After reactions with DMMP
(Figure 7, parts b and c), there is a large decrease in
O—-H and H20 peaks, suggesting that DMMP either
reacts with or displaces surface O—H groups on AMO.
Previous IR studies have shown that photolysis of AMO
can also remove HoO from the surface.!®

The results from the IR analyses of spent AMO
(Figures 7b,c and 8 and Table 2) show the presence of
many DMMP peaks. Many of these peaks are shifted
toward lower energies. This is often indicative of bond
weakening of adsorbed species on solids. The most
pronounced shift is observed for the P=0 vibration. In
liquid DMMP, this peak appears at 1250 cm™!. After
reaction in the dark, the peak shifts to 1225 cm~! and
after reaction in the dark and light to 1179 cm~!. This
is strong evidence that the P=0 moiety is involved in
bonding to the AMO surface. Similar observations were
recently observed in DMMP adsorption studies over
AlO;, MgO, and La203.1! The interaction of P=0 with
Mn 1s consistent with a Lewis acid/base type adsorption
mechanism. The phosphoryl oxygen is electron-rich.”
and can act as a Lewis base, which can interact with
Lewis acid sites on AMO (i.e. Mn%*, Mn**). This leads
to the formation of Mn—Q=p bonds, which likely
weaken the P=0 bonds, consistent with the IR data.
While this conclusion explains how the peak shifts from
1250 to 1225 cm™}, it is not quite clear how light results
in a further shift to 1179 em~!. Perhaps in light, the
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phosphonate species orients differently, in a weaker
interaction.

The IR spectra of Figure 8 indicate that the C-0O
stretching vibrations at 1062 and 1036 cm™* become
weaker and broader after reaction with DMMP in the
light. This is consistent with the loss of methoxy groups
(i.e., formation of MeOH). The peak at 1317 cm~ !
corresponds to the CH3P deformation. No intensity
change was observed after DMMP reactions, suggesting
that the P—-CHj bond stays intact. However, this peak
shifts slightly toward lower frequencies (10 cm™) after
reaction in light, suggesting some weakening. The P~C
stretch at 711 cm™! cannot be analyzed in these studies
due to interference from Mn—0 peaks. Therefore, from
the IR data, it is difficult to determine with certainty if
P—-CH; bonds are broken.

The peaks corresponding to POs stretching vibrations
at 820 and 789 cm~! show several changes after DMMP
reactions. After dark reactions with DMMP, the peak
at 820 cm™! shifts to 828 cm~! and disappears after light
reaction. The peak at 789 cm ™ shifts to higher energies
after reaction with DMMP. These results suggest the
formation of a new adsorbed species; perhaps a different
PO; mode corresponding to the loss of methoxy groups
(i.e., adsorbed methyl methylphosphonate).

C. Extraction Analyses and Mechanism. The
Soxhlet extractions of AMO in CHCl; after reaction
indicate that some DMMP is adsorbed molecularly or
nondissociatively; however, HzO extractions of spent
AMO show that adsorbed DMMP reacts to form MMP
and smaller amounts of MPA (Table 3). At the sugges-
tion of a reviewer, an additional experiment was per-
formed where the DMMP reaction was run over AMO
in the dark for 272 min. These results show that roughly
the same amount of MMP and MPA are produced as
compared to dark only reactions after 131 min. The
formation of MMP and MPA are consistent with the GC
and IR data. A possible mechanism is shown in Figure
10. DMMP is first bonded to AMO via the phosphoryl
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oxygen. The second step involves electrophilic attack by
the AMO surface on DMMP, leading to the loss of a
methoxy group. This probably occurs by abstraction of
hydrogen from AMO surface hydroxyl groups, which
results in the evolution of MeOH and the formation of
an adsorbed methyl methylphosphonate species. This
species is then hydrolyzed in H,0 to form MMP and
some MPA. This mechanism is similar to those observed
in DMMP adsorption and decomposition studies by
Mitchell et al. over Al,O3, MgO, and La»03.%*

Another possible mechanism involves superoxide
anion radicals (O2"™), which can form from the photore-
duction of O2. Superoxide anion radicals may react with
DMMP as a nucleophile, causing hydrolysis and loss of
a MeOH group. Further photoreactions were done in Nz,
which showed that approximately the same amount of
MeOH is produced in both cases. Since MeOH is
produced in the absence of O, this suggests that a
superoxide anion radical mechanism is not occurring.
However, since AMO is known to release O: during
photolysis, it cannot be completely ruled out that
superoxide anion radicals do not form.

A reviewer has suggested that the formation of MeOH
in the dark may be due to acid-catalyzed surface
hydrolysis. This may be the case, since in the prepara-
tion of AMO, an acidic precursor is used (oxalic acid).
It is therefore possible that the AMO surface is proto-
nated. Several experiments were performed to examine
this possibility. In one experiment, an unwashed sample
of AMO was tested. It would be expected that an
unwashed sample of AMO would be more acidic than
washed samples of AMO. Another experiment was done
using H*—AMO, prepared by exchanging K* in AMO
with NH,*. Following ion exchange, the sample was
heated to evolve NHj leaving H*—~AMO.

In both cases, the enhancement of acidity of AMO to
generate Brpnsted sites led to materials that produced
similar amounts of methanol. These data are somewhat
inconclusive, since the number of acid sites was in-
creased, but we have little information on the exact
numbers, amounts, strengths, or types of sites intro-
duced with this indirect method. In addition, the orig-
inally present acid sites are very likely still present and
could still potentially give rise to methanol formation.
We are unsure about the mechanism of methanol
formation in the dark. At this point Brgnsted acid, Lewis
acid, or base sites cannot be ruled out.

The CO; formed in these reactions most likely comes
from the photooxidation of methoxy groups of DMMP
and possibly from the photooxidation of MeOH. Man-
ganese oxide supported AloO3 has been shown to be able
to photooxidize MeOH to CO,.» An experiment was
done to determine if MeOH can be photooxidized to CO
over AMO. In this experiment, a small amount of liquid
MeOH was placed on AMO, and then put into the
photoreactor. When the sample was irradiated with
light and air was passed over it, large amounts of CO:
were observed. In thermal reactions done in the dark
at 70 °C, no COz was observed, suggesting that light is
necessary for CO2 formation. Since no phosphoric acid
was detected in the AMO extracts, more conclusive

(23) Okzan, U. S.: Kueller, R. F.; Moctezuma, E. Ind. Eng. Chem.
Res. 1990, 29, 1136~1142.
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evidence is provided suggesting that no P—CHj oxida-
tion is occurring. :

V. Conclusions

To the best of our knowledge, this is the first report
of DMMP decomposition reactions over manganese
oxide materials, DMMP was found to strongly adsorb
to AMO, with both physi- and chemisorption occurring.
‘nitial irradiation of adsorbed DMMP on AMO shows
that DMMP reacts to form CO, and MeOH. The CO,
produced comes from the photooxidation of methoxy
groups and not from oxidation of P—CHj. The decom-
position reaction occurs due to a combination of thermal
and photoinduced effects. The' strong adsorption of
DMMP on the AMO surface leads to severe poisoning.
Several products accumulate on the AMO surface,
including MMP and MPA, which most likely contribute
to the catalyst poisoning.

In the future we will try to improve the activity of
gas- phase photoassisted DMMP decomposition reac-
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tions. One way in which this may be accomplished is
by optimizing the catalyst synthesis. We are currently
examining the addition of dopants, changing reactant
concentrations, and the use of different reducing agents.
To better understand AMO deactivation by DMMP and
to improve conversion efficiencies, we are currently
investigating thermal reactions (ie., >70 °C) of DMMP
over AMO.
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