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The adsorption and decomposition reactions of dimethyl methylphosphonate (DMMP) on
a commercial y-Al,O3, a y-Al,O3-supported iron oxide, and a sol—gel-prepared alumina have
been examined at temperatures from 25 to 400 °C. The capacities of these solids for the
decomposition of DMMP have been measured, and the identities and amounts of the
decomposition products determined over the entire temperature range. The alumina surfaces
yield higher total amounts of decomposition products than the supported iron oxide material,
with the sol—gel alumina showing very high activity. When corrected for surface area,
however, the supported iron oxide material shows an activity equal to that of the y-Al,O3
support. The sol—gel alumina shows a higher activity at all temperatures up to saturation
of the surface, presumably because of the presence of transitional phases that yield more
reactive surface sites. At 25 °C, the commercial y-Al,O3 shows a total decomposition capacity
of 117 umol/g, the alumina-supported iron oxide material a capacity of 93 umol/g, and the
sol—gel alumina a capacity of 208 umol/g. At 100 °C, these capacities increase by about a
factor of 3, and at 200 °C and above, all of the materials show some capacity for sustained
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decomposition of DMMP.

Introduction

The interactions and reactions of dimethyl meth-
ylphosphonate (DMMP) on a variety of surfaces have
been studied by a number of research groups. DMMP
generates significant interest because it is a relatively
nontoxic compound that widely serves as a simulant for
pesticides and chemical warfare agents.

Much of the work on DMMP decomposition has
focused on trying to find or create active decomposition
materials, primarily for application in chemical weapons
disposal, which allows for the possibility of high-
temperature reactions.! Weller and co-workers exam-
ined platinum-on-alumina materials for catalytic de-
composition of DMMP.22 These materials are extremely
active for DMMP decomposition, showing virtually
stoichiometric conversion of DMMP to CO; plus phos-
phates for extended periods of time (>50 h) at temper-
atures as low as 250 °C. Lee et al.* studied the efficiency
of Cu-substituted hydroxyapatites as a low-cost alterna-
tive to the platinum catalysts. Cao et al.5 studied the
thermocatalytic oxidation of DMMP on alumina-sup-
ported nickel, iron, copper, and vanadium and on silica
and titania-supported vanadium. They found that, at
temperatures of 400 °C and above, the silica-supported
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vanadium catalyzed a very efficient decomposition reac-
tion that was not poisoned by P,0s, proposed to account
for the loss of activity on the other solids.

A significant need exists, however, for materials that
will decompose chemical weapons at ambient temper-
atures in the absence of water for the protection of
personnel in the field who may have been exposed to
such agents. While several authors have discussed the
decomposition of DMMP on alumina and on Fe,O3 at
low temperatures, no published references exist that
qguantify the decomposition of DMMP on oxide materials
at temperatures lower than 100 °C.

Templeton and Weinberg®” were among the first to
investigate the surface chemistry of DMMP on alumi-
num oxide, using inelastic electron-tunneling spectros-
copy, a surface vibrational spectroscopy, and proposed
a mechanism for the decomposition of DMMP on this
surface and found that decomposition of DMMP oc-
curred at temperatures as low as 25 °C. White and co-
workers® examined the adsorption of DMMP on silica
and on iron oxide using temperature-programmed de-
sorption and Auger electron spectroscopy. They found
that while a-Fe,O3 is active for decomposition of DMMP
at temperatures as low as —23 °C, SiO, was found to
be only slightly reactive and then only for the heavily
hydrated form. Aurian-Blajeni and Boucher examined
the interactions of DMMP with a variety of metal oxide
surfaces using diffuse reflectance FT-IR methods, but
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were unable to observe decomposition on any of the
oxides, including Al,O3 and MgO.°®

Klabunde and co-workers10=12 were the first to ex-
amine the use of nanoscale oxide powders for the
decomposition of DMMP. The use of nanosized particles
of metal oxides has been pursued because these materi-
als, depending on their mode of synthesis, contain a
higher density of surface defect sites, sites that are
intrinsically more reactive, than do larger sized particles
of the same oxides.??2 However, no DMMP decomposition
was observed at temperatures below 170 °C, and the
majority of the work has been carried out at 500 °C.

Additionally, oxides whose surface reactivity can be
activated by light, such as titania or amorphous man-
ganese oxide, have been investigated for their ability
to decompose DMMP. Obee and Satyapal examined the
photocatalytic decomposition of DMMP on titania,4 and
they were able to determine the photoinduced decom-
position rate of DMMP on titania as well as the reaction
products formed in the presence of oxygen. Segal et al.1®
measured the photoassisted decomposition of DMMP on
amorphous manganese oxide and found that the mech-
anism of decomposition was due, at least in part, to a
photoassisted process.

Our previous studies of the decomposition of DMMP
on metal oxide surfaces have focused on the surface
chemistry and the decomposition pathways that occur
on different oxides. These studies used infrared diffuse
reflectance spectroscopy as a tool for the direct exami-
nation of the decomposition reaction.’®17 In our initial
work, the species formed upon adsorption of DMMP on
alumina, magnesia, iron oxide, and lanthanum oxide
were examined as a function of temperature.’® The
initial adsorption of molecular DMMP and the subse-
quent stepwise loss of the methoxy groups with increas-
ing temperature were easily followed by observing the
infrared absorption spectra of the surface species. In
these earlier studies, it was shown that, for DMMP
adsorbed on aluminum oxide, by 200 °C (100 °C for
magnesium oxide and lanthanum oxide) the adsorbed
DMMP has lost one methoxy group, which reacts with
surface hydroxy groups to form methanol that evolves
from the surface, and a surface-bound methyl meth-
ylphosphonate. Further heating to 300 °C results in the
loss of the second methoxy group, forming a second
methanol molecule, and an adsorbed methylphospho-
nate species. From those studies, it became clear that
iron oxide behaved differently from other metal oxides.
The iron oxide surface showed measurable decomposi-
tion of DMMP at lower temperatures than did the other
oxides. Even more interesting was that iron oxide
showed the ability to cleave the phosphorus—carbon
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bond, a bond that was very resistant to cleavage on the
other oxide surfaces. Our subsequent study of iron oxide
supported on aluminum oxide showed that, at iron
loadings above a certain threshold value, the material
exhibited decomposition of DMMP upon adsorption at
25 °C, and the decomposition involved cleavage of the
phosphorus—carbon bond.*”

In the current study, three different metal oxides were
examined for their relative activities and capacities for
the decomposition of DMMP at temperatures from 25
to 400 °C, using quantitative FT-IR determination of
gas-phase products in real time to monitor the products.
The product flow curves were then integrated to deter-
mine the total decomposition capacity and the branching
ratios. Each of the materials that was examined had
been shown to exhibit some capacity for decomposition
at ambient temperatures in earlier studies. The first to
be examined was y-alumina because the surface chem-
istry of DMMP adsorbed on this surface was thought
to be well-understood.® The second metal oxide studied
was the alumina-supported iron oxide, whose surface
chemistry had been found to be significantly different
from that of alumina in our previous study and which
we showed to be active for DMMP decomposition at
room temperature. The final material to be studied was
an alumina material synthesized using sol—gel methods
that formed an alumina with a much higher surface
area than the commercial y-alumina. This study estab-
lishes a baseline for the reactivity of solids for the
decomposition of DMMP at ambient temperatures and
follows the changes in the decomposition that occur as
a function of temperature, leading to the catalytic
decomposition that occurs at high temperatures.

Experimental Section

The helium used for the study was a 99.9995% ultra-high-
purity grade from Holox. DMMP was purchased from Aldrich
and distilled under vacuum before use. All solids for the
reaction studies are pretreated by heating in flowing O, for 1
h at 470 °C followed by heating in flowing He at 470 °C for 1
h. The sample was then cooled to the reaction temperature in
flowing He.

The y-Al,O; used was a 99.995% pure material from
Goodfellow, with an average particle size <100 nm. The
alumina-supported iron oxide material was prepared as de-
scribed previously.r” The particular material examined cor-
responded to the material that exhibited the unusual surface
chemistry seen in the earlier work, with an iron loading of
11.6 wt % Fe (as Fe, not Fe,03). Briefly, ~2.20 g of iron(I11)
acetylacetonate, Fe(acac)s, from Aldrich was dissolved in 100.0
mL of acetonitrile (Fisher). Then, 5.0 g of y-alumina was added
to the solution and the mixture stirred at room temperature
for 24 h. The solid was filtered from the solution, washed with
clean solvent, dried in air, and then calcined at 500 °C in air
for 24 h. The calcined solid was placed back into the Fe(acac)s/
acetonitrile solution, into which additional Fe(acac)s had been
added to bring the Fe(acac); concentration back to the initial
value, and the impregnation procedure repeated. Approxi-
mately 20% of the iron complex was adsorbed from the solution
by the substrate during each step. This process was repeated
as needed to obtain the desired concentration of iron on the
alumina support. The iron content of the material was
determined by Galbraith Laboratories, Knoxville, TN.

The sol—gel alumina was prepared by adding excess amounts
of NH,OH to a solution of AI(NOg)s with stirring until the pH
was ~10—12. The gel precipitate of Al(OH); was separated
from the liquid phase using a centrifuge. The liquid was
decanted and the solid was resuspended in deionized water,
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Figure 1. Schematic of microreactor experiment: (A) gas tank and regulator, (B) Manostat flow controller, (C) bubbler for DMMP,
(D) aerosol trap, (E) Ys-in. u-tube microreactor, (F) Magna 750 FT-IR with Infrared Analysis 2.4PA gas cell, and (G) gas flow

bubblemeter.

centrifuged again, the liquid decanted, the solid resuspended,
and so forth, until the pH was neutral. The precipitate was
dried at 80 °C at atmospheric pressure and then heated in a
vacuum to 125 °C. The dried material was then calcined at
500 °C in air for 24 h.

The microreactor system (see Figure 1) consists of a %/, in.
0.d. stainless steel u-tube in a controlled-temperature furnace
(Hoskins, Type FA120 electric furnace, coupled to an Omega
Engineering Model CN 3202-TC1 process control unit). The
microreactor is connected to a gas inlet system that carries
the DMMP/He mixture to the reactor and an exit system that
carries the products to an infrared gas cell for analysis. High-
purity perfluoroalkoxy tubing is used throughout the system
to minimize adsorption of the gases. The helium gas bubbles
through liquid DMMP, in a specially fabricated two-stage
bubbler, at a flow rate of 30 mL/min. After the bubbler, the
DMMP/He stream passed through a flow-through glass wool
trap, previously saturated with DMMP vapor, to remove any
DMMP aerosol. The flow of DMMP was calibrated by directing
the flowing gas mixture, after the bubbler and the aerosol trap,
to a small glass condensation vessel specifically designed for
collecting volatile compounds. This small vessel was placed
in liquid nitrogen to trap the DMMP flowing through it. The
vessel was weighed before the experiment and after 10—12 h
collection time, and the difference in mass was determined.
The experiment was repeated several times with the result
that the DMMP concentration in the He stream was calculated
to be 30.25 umol/L. At a flow rate of 30.0 mL/min, the flow
rate of DMMP was determined to be 0.908 umol/min.

For reaction studies, the adsorbent (=60 mg) was placed
near the bottom of the “u” but on the entrance side, with a
small plug of glass wool, shown to be inert to DMMP in the
blank experiments, used to support the adsorbent bed. Because
the adsorbent consisted of such small particles, the adsorbent
was mixed with ~100 mg of glass wool, cut into ~2-mm pieces,
before it was placed in the reactor, to help maintain gas flow
through the bed. A type K thermocouple in the adsorbent bed
provided the temperature feedback to the Omega process
control unit.

After the adsorbent bed, the gas stream flowed to a long-
path gas cell (Ultra-Mini Long Path Cell from Infrared
Analysis, Inc.) with an effective path length of 2.4 m and an
internal volume of 100 mL. Infrared spectra, at 2-cm™?
resolution, were collected approximately every 2 min. The
infrared responses for the different products (CH;OH, (CHj3),0,
CO, COy, and CH,) were calibrated using premixed, certified
gas mixtures containing each gas individually in helium
purchased from Matheson Gas or Holox, varying the pressure
inside the cell to adjust the concentration over an appropriate
range, integrating the infrared absorption profiles, and fitting
the integrated intensities as a function of concentration to
Beer’'s Law. Overlap of DMMP infrared absorptions with those
of the product gases were dealt with by using a DMMP band
that did not overlap any of the product absorptions to provide
an internal standard to guide the subtraction of the overlap-
ping DMMP component from the product absorptions. This
was not a significant problem except for DMMP overlap with

the methanol absorption at low temperatures, and this is
discussed later.

The breakthrough point (BTP) of DMMP for each adsorbent
at each temperature was determined by extrapolating a plot
of the DMMP integrated infrared absorption intensity (1297—
1240 cm™1) vs umol of DMMP passed through the sample to
zero intensity.

The concentrations of the gases measured in the infrared
cell are not true representations of the concentrations in the
gas stream coming into the cell from the reactor. The concen-
trations coming from the reactor were determined by setting
up the differential equation describing the changing gas
concentration in the cell, a simple mixing problem, assuming
instantaneous mixing in the gas cell.

dCcell f'Cin f'ccell
Y @

where f is the flow rate, Cce is the measured concentration
in the cell, Ci, is the concentration coming into the cell from
the reactor, and V is the volume of the cell.

Integrating this expression and rearranging yields

~(V)(tzt
c = Ceeitiz — Ceennn® () 5
i 1 — g V(1) @

With eq 2, an average concentration coming into the gas
cell between two measurement times, t; and t,, can be
determined. In the plots that follow, the calculated value for
each Ci, is assumed to correspond to the concentration at the
midpoint between t, and t;.

Results

Blank Experiments. Several blank experiments
were performed to determine the effective volume of the
reactor and tubing leading up to the analysis cell. These
experiments were identical in all ways to the decompo-
sition experiments except that no adsorbent was placed
in the microreactor. The results were found to be slightly
temperature-dependent, presumably due to adsorption
of DMMP on the walls of the u-tube and the glass wool
in the reactor at low temperatures. All of the graphs
presented in the following sections have been corrected
for the effective volume of the reactor and tubing.
Additionally, several blank experiments were conducted
using a mixture of methanol in helium (1000 ppm) to
determine the transport rate of methanol relative to that
of DMMP through the tubing. These experiments showed
that there was no difference, within experimental error,
in the transport rates of these two gases through the
tubing. Blank experiments using dimethyl ether, CO,
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Table 1. Summary of the Experimental Results?

max. total
induction flow rate of point of max.
period/ volatile carbon  product flow total volatile breakthrough total volatile
umol of products/umol  rate/umol of carbon produced/ point (BTP)/ carbon produced
solid temp/°C DMMP(£5) min~1(£0.02) DMMP (£5) wumol(£1) (umol g=1) umol of DMMP(£10) at BTP/umol(£1)
y-Al;03
25 38 0.25 62 7(117) 49 0.46
100 10 0.58 36 19.5(325) 42 143
200 0 0.92 36 59.5(992)° 41 27.3
300 0 1.49 43 210(3.48 x 109)P 75 99.9
400 0 1.92 110 625(10.4 x 103)P 135 248
FEOX/A|203
25 37 0.46 48.9 5.6(93) 53 4.1
100 5 0.67 36 21.5(350) 38 104
200 0 0.83 37 33.7(562)° 45 18.2
300 0 1.83 45 176(2.93 x 109)® 61 79.1
400 0 2.26 89 585(9.75 x 109)P 102 174
sol—gel Al,O3
25 93 0.23 153 12(208) 175 11.8
100 1 1.28 34 40(667) 39 315
200 0 1.42 63 99.7(1.66 x 103)b 67 68.8
300 0 2.90 84 452(7.53 x 103)° 99 215
400 0 2.64 176 821(13.7 x 109)® 202 450

a Estimated experimental uncertainties are shown for the various quantities in the table headings. The listed uncertainties are for the
lower values of the various quantities. The minimum estimated uncertainty is £5%. ° Values at 3x BTP.

Adsorption and Decomposition of DMMP on y-Al,O, at 25 °C

A - Product Flow

0.25

0.20

0.15

0.10

Flow of Products (umol/min)

0.05

PO TR YT SRS TSN S SN S HND D O ST SO0 N WY

Cm—

0.00 T T
0 10 20 30 40 50 60 70 80 90 100110
pmol DMMP

B - Accumulated Products

Accumulated Products (umol)

v by v e by b by s by v s by

L b

T T T T T I.*I'I'I'I'
0 10 20 30 40 50 60 70 80 90 100110
umol DMMP

Figure 2. Results from the decomposition of DMMP on y-alumina at 25 °C. “All” represents the number of umol/min (or umol)
of carbon that appears as volatile products in this figure equal to 2 times the number of umol/min (or umol) of dimethyl ether plus

the number of gmol/min (or umol) of methanol.

and CHj4 showed that these gases had only slightly
faster transport rates through the tubing.

Table 1 below summarizes several of the important
aspects of the experimental results. In the following
sections, results from individual experiments are de-
tailed, emphasizing the differences in behavior of the
three solids examined and the methods used to analyze
the results.

y-Alumina. Room-Temperature Adsorption. The mea-
sured reaction products from the room temperature
study of y-alumina are shown in Figure 2. The ac-
cumulated flow of DMMP through the adsorbent bed,
in micromoles, is the horizontal axis in the plots. This
has been corrected for the volume of the reactor and
tubing as discussed in the Experimental Section. The

vertical axis corresponds to the flow rate of the products
observed (umol/min), Figure 2A, or to the total ac-
cumulated flow of volatile carbon species produced by
the reaction (umol), Figure 2B. (“All” represents the total
number of micromoles of carbon produced by the reac-
tion that appeared as volatile products, equal to 2 times
the flow of dimethyl ether plus the flow of methanol at
this temperature). As can be seen in Figure 2A, dimethyl
ether was observed first at the infrared cell, beginning
at ~38 umol of DMMP. Figure 2B shows the ac-
cumulated product formation as a function of DMMP
flow and represents the integration of Figure 2A.
There is a noticeable induction period prior to obser-
vation of reaction products, corresponding to a flow of
38 umol of DMMP. The induction period is due to
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Breakthrough of DMMP
y-Al,O, at 25 °C
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Figure 3. Breakthrough curve for DMMP flowing through
y-alumina at 25 °C.

adsorption of methanol and dimethyl ether onto the
surface of the adsorbent. The measured product flow
from the reactor is a convolution of the rate of product
formation with the transport of the products through
the adsorbent bed.

Figure 3 shows the breakthrough curve for DMMP.
The vertical scale corresponds to the intensity of the
integrated DMMP band. DMMP enters the infrared cell
as a vapor but accumulates on the interior surfaces of
the cell, including the mirrors, since they are not heated.
As a result, the intensity of the integrated band grows
quickly and cannot be used to quantify the DMMP
concentration in the cell. This curve and similar ones
for all the materials and temperatures studied are
simply used to determine the breakthrough point (BTP)
of DMMP through the adsorbent bed.

At the low temperatures, due to the relatively low
degree of decomposition, the breakthrough of DMMP
causes some difficulties in the determination of the
methanol concentration. The methanol band used for
guantifying its concentration overlaps a strong DMMP
absorption. A DMMP band that does not overlap those
of any of the reaction products is used to determine the
DMMP contribution to the overlapped band. This DMMP
contribution is subtracted from the observed band, and
the resulting band is integrated to determine the
methanol concentration. This method works well, even
when the DMMP contribution becomes large compared
to that of methanol. However, at low temperatures when
the methanol production drops to low levels and almost
none of the inlet DMMP is being decomposed, the
absolute error in the methanol determination becomes
significantly greater than the concentration. It is at this
point that the data are no longer recorded in the product
flow curves.

100 °C Adsorption. At 100 °C, much more dimethyl
ether was produced, and initially it was the only product
observed (see Figure 4). A significantly shorter induction
period is observed at 100 °C than was seen at 25 °C,
and the breakthrough point (BTP) of DMMP was found
to be 42 umol of DMMP, a somewhat lower number than
that for room temperature. Both of these observations
are consequences of the extra thermal energy available
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at 100 °C that lowers the capacity of the material for
molecular adsorption.

200 °C Adsorption. At 200 °C, no induction period was
found prior to observation of reaction products at the
infrared cell, indicating little adsorption of the reaction
products on the adsorbent. Approximately 20% of the
inlet DMMP continued to be decomposed after a flow of
140 umol of DMMP, well after the observed BTP of 41
umol of DMMP. This sustained reaction is most likely
due to reaction of inlet DMMP with adsorbed DMMP
species, which at this temperature are almost certainly
DMMP fragments left after cleavage of one of the
methoxy groups.

300 °C Adsorption. Methanol and dimethyl ether were
again observed at the infrared cell with no induction
period. Breakthrough of DMMP occurred after exposure
to 75 umol of DMMP. At the BTP, a total of 99.9 umol
of volatile carbon had been produced, corresponding to
between one and two methoxy groups removed per
molecule of DMMP. Evidence for both methoxy groups
being removed at these temperatures has been seen in
previous work from this laboratory.6 After the BTP,
methanol continued to be produced in significant
amounts, equal to decomposition of about 75% of the
inlet DMMP. Even after a flow of 240 umol of DMMP,
nearly 60% of the inlet DMMP continued to be decom-
posed.

400 °C Adsorption. Figure 5 shows the results from
the adsorption/decomposition experiment carried out at
400 °C. By this temperature a second reaction pathway
has become available, involving the production of CO,,
CO, and CHj. These products may be formed from
methanol rather than from DMMP directly. As a check
on this possibility, a similar experiment was carried out
using methanol as the reactant gas. When y-alumina
was exposed to methanol alone in flowing helium at 350
°C (0.7 umol/min), CO and CH, were produced (=0.15
umol/min for each), along with smaller amounts of
dimethyl ether (~0.06 umol/min), while at 250 °C, only
dimethyl ether was observed.

DMMP breakthrough was observed after a flow of 135
umol of DMMP, just at the point where the methanol
production was observed to turn on and the production
of the other products ceased. Prior to breakthrough,
beginning after a flow of ~75 umol of DMMP, an
increase in the product flow is observed that peaks just
before breakthrough. This peak coincides with the flow
of methanol from the reactor. The adsorption and
decomposition reaction of DMMP is very efficient on the
alumina surface at these temperatures. We believe that
the front of molecular DMMP, as it moves through the
adsorbent bed, reacts with or replaces decomposition
products that have adsorbed on the alumina surface.
Possible products include adsorbed methoxy or hydroxyl
groups. One possibility is that DMMP reacts with
adsorbed methoxy groups to yield dimethyl ether. A
second possibility is that an increased concentration of
surface hydroxyl groups, from the dehydration reaction
that forms dimethyl ether from methanol, leads to a
temporary increase in the rate of methanol production.
Both of these possibilities could help explain the ob-
served increase in the rate of product flow. Similar
behavior was observed for all the materials examined,
most obviously at 300 and 400 °C. The BTP marked a
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Adsorption and Decomposition of DMMP on y-Al,O; at 100 °C
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Figure 4. Product flow and accumulated product curves for DMMP decomposing on y-alumina at 100 °C.

Adsorption and Decomposition of DMMP on y-Al,O, at 400°C
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Figure 5. Product flow and accumulated product curves for DMMP decomposing on y-alumina at 400 °C.

distinct change in the products observed and, by exten-
sion, to the types of reaction sites available.

Iron Oxide Supported on Alumina (FeOy/y-
Al,O3). The experimental method used to prepare this
material was designed to result in a well-dispersed layer
of iron species on the y-Al,03 surface. The acetylaceto-
nate ligands on the iron oxide precursor prevent forma-
tion of clusters of iron oxide. It is possible that a spinel
phase, FeAl,O4 (hercynite), was formed, and this may
well have been the major form of the surface iron formed
in the initial steps of the impregnation procedure. The
material examined in the current study was formed by
seven successive impregnations. This same material was
examined in an earlier published study and was found
to cleave DMMP at room temperature via cleavage of
the P—CHj; bond.Y” However, X-ray diffraction studies

of this material showed no evidence for formation of
either a separate spinel phase or an Fe,O3, hematite,
phase. For the purposes of the current discussion, the
material will be designated as FeO,/Al,Os.
Room-Temperature Adsorption. At room temperature,
the maximum product flow rate was almost twice that
observed for aluminum oxide at the same temperature
(Figure 6), indicating that either the decomposition rate
on the FeO,/Al;,O3 surface is faster than on the y-Al,O3
surface or that methanol does not adsorb as strongly
on FeO,/Al,O3 as on y-Al;03. The induction period found
for this surface, corresponding to 37 umol of DMMP, is
almost identical to that of y-Al,O3 at the same temper-
ature. Though the maximum product flow rate was
higher for the supported iron oxide, the total amount
of accumulated products formed was observed to be
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Adsorption and Decomposition of DMMP on FeO,/y-Al,O, at 25 °C
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Figure 6. Product flow and accumulated product curves from the decomposition of DMMP on FeO,/Al,O; at 25 °C.

Adsorption and Decomposition of DMMP on FeO,/y-Al,O, at 400 °C
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Figure 7. Product flow and accumulated product curves from the decomposition of DMMP on FeO,/Al,O3 at 400 °C.

somewhat less than that for aluminum oxide; 5.5 umol
of volatile carbon products was formed by the supported
iron oxide while about 6.8 umol of volatile carbon
products was formed by aluminum oxide. This difference
may be accounted for by the lower surface area as
discussed later because the surface area of the sup-
ported iron oxide was determined to be ~30% less than
that of the y-alumina (106 m?/g). Only traces of dimethyl
ether were formed by the supported iron oxide. Break-
through of DMMP occurred only after the methanol flow
was nearly over, after a flow of 53 umol of DMMP, in
contrast to the behavior found for y-alumina.
Adsorption at Temperatures above Ambient. The same
general trend was observed as a function of temperature
for the FeO,/Al,O; material as was observed for the

commercial y-Al>,O3. This material is, however, a more
active oxidation catalyst than is alumina itself. At 200
°C, CO, was the first product observed, and the initial
production level corresponded to about one-third of the
inlet DMMP concentration. Shortly thereafter, dimethyl
ether and then methanol were observed. At 300 °C,
carbon dioxide and carbon monoxide were the first
products observed from the DMMP decomposition, fol-
lowed shortly by dimethyl ether. Breakthrough of
DMMP was observed to occur after exposure to 61 umol
of DMMP, and the total volatile carbon produced up to
breakthrough was 79 umol. This corresponds to more
than one volatile carbon species produced per molecule
of DMMP. After the BTP, the rate of product flow was
0.67 umol/min and was virtually constant for the dura-
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Adsorption and Decomposition of DMMP on Sol-Gel Al,O; at 25 °C
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Figure 8. Product flow and accumulated product curves from the adsorption of DMMP on the sol—gel alumina formulation at

25 °C.

tion of the experiment, out to 200 umol of DMMP. The
only product observed after the BTP was methanol. This
rate represents decomposition of about 75% of the inlet
DMMP.

For the DMMP decomposition reaction at 400 °C, CO,,
CO, CH4, methanol, and dimethyl ether were all ob-
served as products (Figure 7). CO, was observed in-
stantly from the reactor, followed by CO and CH,4 along
with smaller amounts of dimethyl ether. Breakthrough
of DMMP occurred after a flow of 102 umol of DMMP
and occurred simultaneously with the end of CHy
production, followed closely by the end of dimethyl ether
formation. Methanol replaced these two products in the
product flow stream. CO continued to be produced,
though at much lower concentrations than before break-
through. Sustained product flow at a rate of about 1.6
umol/min continued for the duration of the experiment,
to a flow of 400 umol of DMMP.

Sol—-Gel Aluminum Oxide. Room-Temperature Ad-
sorption. This alumina was determined to have a surface
area of 253 m?/g and as a result yielded a significantly
higher capacity for DMMP. Figure 8 shows the product
flow and accumulated product curves for this material
at room temperature. Breakthrough of DMMP was
found to occur after exposure to 175 umol of DMMP,
with the decomposition on this surface yielding more
than 12 umol of volatile carbon. The maximum rate of
product flow observed for the sol—gel formulation was
about the same as that observed for the y-alumina, 0.23
umol/min.

Adsorption at Temperatures above Ambient. At 100
°C, the sol—gel alumina was found to have a peak
product flow rate of 1.3 umol/min, nearly twice the rate
observed for the alumina-supported iron oxide and more
than twice the rate observed for the y-Al,O3. Break-
through was observed after exposure to 39 umol of
DMMP, a much shorter exposure than found for the
breakthrough at room temperature, again a conse-
guence of the extra thermal energy available. The total

accumulated volatile carbon produced was ~40 umol,
indicating a very high decomposition activity at this
temperature.

At 200 °C, breakthrough of DMMP was observed after
exposure to 67 umol of DMMP. The total accumulated
volatile carbon produced at the breakthrough point was
found to be ~69 umol, corresponding almost exactly to
one volatile carbon species produced per molecule of
DMMP. The production of methanol continued after
breakthrough, but fell to a value of about 0.2 ymol/min
after exposure to ~130 umol of DMMP.

At the BTP at 300 °C, which occurred after exposure
to 99 umol of DMMP, ~215 umol of volatile carbon
products had been produced, corresponding to slightly
more than two molecules of volatile carbon produced per
molecule of DMMP. Methanol and dimethyl ether were
the major products produced prior to breakthrough,
along with minor amounts of carbon monoxide. After
breakthrough, methanol was the only product observed,
and the production of methanol slowly declined to a level
of about 0.2 umol/min after exposure to 1000 umol of
DMMP.

At 400 °C, large amounts of CO and CH4 were the
initial products observed, in addition to small amounts
of CO,, representing loss of two carbon atoms per
molecule of DMMP. As their formation rate declined,
the production of methanol and dimethyl ether was
observed to increase (Figure 9). Breakthrough at 400
°C was not observed until after exposure to 202 umol of
DMMP, at which point 450 umol of volatile carbon had
been produced. Only methanol was observed in the
product stream after breakthrough of DMMP, as was
found for the reaction at 300 °C. The formation rate of
methanol declined after breakthrough at 400 °C almost
exactly as was observed at 300 °C, so that after exposure
to 1000 umol of DMMP, the flow of methanol was found
to be only 0.2 umol/min.
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Adsorption and Decomposition of DMMP on Sol-Gel Al,O, at 400°C
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Discussion

Templeton and Weinberg, in their work on the
adsorption of DMMP on alumina, found that DMMP can
adsorb on the alumina surface on two different sites,
both coordinated through the phosphoryl oxygen, either
at surface hydroxyl (Brgnsted acid) sites or at uncoor-
dinated aluminum (Lewis acid) sites.® Coordination at
the Brgnsted sites was found to yield only molecular
adsorption while coordination at the Lewis acid sites
leads to decomposition. The production of methanol from
the adsorption of DMMP on alumina was proposed to
proceed via the mechanism shown in Scheme 1. This
reaction is an acid-catalyzed nucleophilic displacement
reaction, with the Lewis sites on the surface catalyzing
the displacement of the methoxy group, yielding ad-
sorbed methyl methylphosphonate and a molecule of
methanol. For aluminum oxide, at temperatures lower
than 200 °C, a fraction (<1) of the surface adsorption
sites are active for cleavage of one of the P—OCHj; bonds,
and the active fraction increases with increasing tem-
perature. By 200 °C, virtually all of the adsorbed DMMP
is in the form of methyl methylphosphonate, and after
heating to 300 °C, most of the adsorbed DMMP mol-
ecules have lost both methoxy groups.%16

While the formation of methanol is accounted for in
Scheme 1 directly from the decomposition of DMMP, the
observed production of dimethyl ether requires a second
step and can be accounted for in at least two different
ways. Some of the methanol that is formed during the
initial adsorption/decomposition of DMMP can readsorb
at sites downstream and react with a second methanol
molecule to form dimethyl ether and water, a reaction
that was observed in independent experiments in our
laboratory using methanol as the reactant gas. Alter-
natively, an adsorbed DMMP molecule could react with
methanol to form dimethyl ether and a surface-bound
DMMP fragment. The degree to which these processes
occur decreases as DMMP reacts with and poisons the
surface acid sites.

Our previous work has shown that, at temperatures
of 200 °C and lower, DMMP loses no more than one
methoxy group per molecule, on average.® Between 200
and 300 °C, most oxides begin to promote cleavage of a
second P—OCH3; bond. Thus, in Table 1, the total
number of micromoles of volatile carbon formed at
temperatures of 200 °C and below is equal to the total
number of micromoles of DMMP decomposed. It is
instructive to compare the number of micromoles of
DMMP decomposed at the breakthrough point to the
total flow of DMMP at the BTP. For the sol—gel Al,O3
material at 200 °C, the amount of DMMP decomposed
is approximately equal to the DMMP flow at the BTP,
indicating that up until the BTP, every molecule of
DMMP, on average, was decomposed to yield one
methanol molecule (or 1/2 dimethyl ether molecule) and
an adsorbed fragment. For the other solids and for the
lower temperatures for the sol—gel Al,O3, the amount
of DMMP decomposed is less than the DMMP flow at
the BTP. This shows that, at temperatures less than
200 °C, much of the DMMP adsorption is molecular
adsorption, even though significant decomposition does
take place. At 300 °C and above, all the solids show more
than one molecule of volatile carbon produced per
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Figure 10. Graph of the specific total product yield at
breakthrough (umol of volatile carbon produced/m? of surface
area) as a function of temperature.

molecule of DMMP, indicating that a second P—O bond
(or possibly, but less likely, the P—C bond) is being
cleaved.

At temperatures <300 °C, the primary reaction
products observed are dimethyl ether and methanol.
The FeO,/Al,0; material produced CO and CO, at
temperatures lower than the alumina materials, con-
sistent with the properties of iron oxide as an oxidation
catalyst. A small amount of CO;, was observed to be
produced by the iron oxide material at 200 °C, and at
300 °C, CO and CO; account for nearly one-third of the
total products formed prior to the BTP. On all the solids
prior to the BTP at 400 °C, the primary products
observed are CHy4, CO, and CO..

Decomposition of DMMP Prior to the BTP. The
analysis of the reactivity of the materials examined in
the current study falls more or less naturally into two
regimes: the reactivity of the surface itself and the
sustained decomposition activity that continues after
saturation of the surface. The analysis of the surface
reactivity considers the total volatile products produced
up until the point that DMMP breaks through the bed.
In these experiments, the total product yield values at
the BTP are indicative of the reactivity of the surface
of the adsorbent. To remove the dependence of the
reactivity on the surface area, the total product yield
at the breakthrough point per square meter of surface
area was determined. This value, which we have called
the specific total product yield, was plotted as a function
of temperature and is shown in Figure 10. Figure 10
demonstrates the relative reactivity of the surface sites
as a function of temperature. The values for the y-Al,03
surface overlap those of the FeO,/Al,O3 material, show-
ing that these materials have reactivities that are very
similar when surface area is taken into account, sug-
gesting that the iron impregnation does little to enhance
the average surface activity of the alumina, at least in
terms of the formation of gas-phase products. The higher
reactivity of the sol—gel formulation is probably due to
the presence of transition alumina phases in the sol—
gel alumina that have more reactive surface groups.
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Figure 11. Branching ratios for the total accumulated forma-
tion of dimethyl ether and methanol as a function of temper-
ature for the different materials at the BTP. Dimethyl ether
is counted twice to account for the number of carbons per
molecule. The estimated uncertainty in the mole fraction
values is +0.05.

The y-Al,03 and the sol—gel Al,O3 show very similar
product distributions at all temperatures. The branch-
ing ratios for the accumulated formation of dimethyl
ether and methanol, at the BTP, are shown in Figure
11. The branching ratios are calculated by dividing the
total number of micromoles of the particular product
formed up to the BTP (multiplied by two for dimethyl
ether), by the total number of micromoles of volatile
carbon produced. After the BTP, the dominant product
in all cases is methanol. The likely source of dimethyl
ether is via the acid-catalyzed dehydration of methanol,
as mentioned above, with the surface providing the acid
sites. Thus, the higher production of dimethyl ether by
the alumina materials is consistent with these surfaces
being more acidic than the FeO,/Al,O3. At 400 °C, where
the formation of CO, CO,, and CH,4 become important,
the FeO,/Al,O3 material forms more CO, and less CO
than the alumina materials, with similar amounts of
CH4 formed as on the alumina surfaces. Table 2 shows
the branching ratios for the formation of CO, CO,, and
CHg, showing the more strongly oxidizing nature of the
iron oxide material.
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Table 2. Branching Ratios for the Formation of CO, CHy,

and COz?
CO CHg4 CO»
300 °C 400°C 300°C 400°C 300°C 400°C
y-Al;03 n.o. 0.39 n.o. 0.29 n.o. 0.10

FeO,/Al,O3 0.12 0.28 n.o. 0.20 0.17 0.22
sol—gel Al,O3 0.04 0.39 n.o. 0.27 0.01 0.04

a2n.0.: not observed.

Table 3. Sustained Decomposition Reaction at Higher
Temperatures (Rate of Product Flow in gmol/min)

200 °C 300 °C 400 °C
2x BTP2 3x BTP 2x BTP 3x BTP 2x BTP 3x BTP
y-Al,03 0.31 0.20 0.66 0.55 121 1.06

FeO,/Al;03 0.10 0.064 0.67 0.65 1.90 1.80
sol—gel Al,O;  0.19 0.10° 1.16 0.83 0.84 0.36

aBTP = breakthrough point. ® Extrapolated value.

Sustained Decomposition. The second aspect of the
reactivity of these materials is their sustained decom-
position activity. At temperatures of 400 °C and below,
all of the published studies of DMMP decomposition on
solids except that of the Pt/Al,O3; material studied by
Tzou and Weller® have shown that the solids lose
activity after some period of reaction. Even at 500 °C,
Li and Klabunde!! found that nanoscale MgO acts as a
stoichiometric destructive adsorbent for DMMP, not a
catalytic one, decomposing one DMMP molecule for
every two MgO surface species. Once the initial decom-
position step has occurred (see Scheme 1), the Lewis
acid site is poisoned because there is no subsequent
reaction step that results in the formation of a volatile
phosphorus species, although continued loss of the
carbon fragments does occur. The formation of an
unreactive bulk phosphate species is usually proposed
to account for deactivation of the decomposition reaction,
although the P,Os product that results from the decom-
position reaction on vanadium supported on silica has
been suggested to be an active participant in the
continued decomposition observed at 400 and 500 °C.5

In this aspect of the decomposition reaction, the FeO,/
Al,O3 material is more active at higher temperatures
than the other materials. In Table 3 are presented the
product flow rates at two different times during the
course of the reaction, at 200, 300, and 400 °C (sustained
reactivity was insignificant at 100 °C and lower).
Multiples of the breakthrough point were chosen to
compare reactivity because these represent multiples
of the surface saturation coverage for a particular
surface at these temperatures. As can be seen in Table
3, the sol—gel alumina reactivity is apparently not as
robust as that of the y-Al,O3 or the FeO,/Al,O3. While
the reactivity of the surface of this material is signifi-
cantly higher than that of the other two adsorbents, the
reactivity decays rapidly after the BTP, especially at
higher temperatures. The sustained reactivity of the
commercial y-Al,O3 relative to that of the sol—gel
alumina may be explained by the recent study by Cao
et al.? in which those authors suggest that deactivation
of the thermocatalytic activity of solids used for DMMP
decomposition ultimately results from the formation of
an inactive bulk phosphate. The higher surface area
sol—gel alumina is converted to a bulk phosphate faster
than the lower surface area y-Al,O3;. The sustained
reactivity of the FeO,/Al,O3 surface is extremely high
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at 400 °C, representing the loss of two carbon atoms
from each DMMP molecule entering the adsorbent bed,
even well after saturation of the surface. The sustained
reaction is probably due to the formation of a mixed
iron—aluminum mixed phosphate, which has been
postulated to have both redox and strong acid—base
sites.’® The reactivity of this material may, however,
decay at longer times as found by Cao et al. because of
poisoning by P,0s.

Comparison with Other Studies. As was mentioned
in the Introduction, only one discussion of the quantita-
tive decomposition of DMMP has been occurred in the
literature at temperatures as low as 100 °C, and that
measurement showed no product formation. In their
work, Lee et al.? stated that 100% DMMP conversion
was obtained for their Cu-exchanged hydroxyapatite
(Cu2—HA) at 100 °C for 5 min, a total flow of 86.5 umol
of DMMP converted for 0.3 g of solid (288 umol of
DMMP converted/g). As indicated in this work and by
our earlier infrared studies,617 significant amounts of
molecular DMMP are adsorbed on many oxide surfaces
at temperatures as high as 100 °C, and the determina-
tion of decomposition needs to be confirmed by the
measurement of products from the decomposition. By
way of comparison, at the observed BTP in the current
study at 100 °C, the commercial y-Al,O3 had converted
the equivalent of 238 umol of DMMP/g of solid, as
determined from the decomposition products, and the
sol—gel Al,O3 had converted the equivalent of 517 umol
of DMMP/g of solid. At 200 °C, the lowest temperature
reported for DMMP decomposition by Li and Kla-
bunde,!* their nanoscale MgO material converted the
equivalent of 260 umol of DMMP/g of solid, while the
commercial alumina in this study converted the equiva-
lent of 455 umol of DMMP/g of solid at the BTP and
the sol—gel alumina converted 1.12 mmol/g. Adding 2
wt % platinum to alumina significantly increases the
activity as well as the cost for DMMP decomposition,
so that Tzou and Weller observed a decomposition
capacity of 2.19 mmol of DMMP/g of solid for their 2 wt
% Pt/Al,O3 material at 150 °C.3

At somewhat higher temperatures, at 300 °C, the
Cu2—HA material of Lee et al. converted, at the BTP,
the equivalent of 577 umol of DMMP/g of solid, while
the commercial y-Al,O3; has converted 1.25 mmol of
DMMP/g, and the sol—gel alumina has converted 1.65
mmol of DMMP/g (these calculations assume that all
of the DMMP has been converted up to the BTP since
more than one volatile carbon molecule per DMMP has
been produced). The nanoscale MgO results reported by
Li and Klabunde showed a decomposition capacity of
960 umol of DMMP/g of solid. At 250 °C, the 0.5 wt %
Pt/Al,O3 material examined by Tzou and Weller showed
a decomposition capacity of 19.9 mmol/g and the 2 wt
% Pt material showed a decomposition capacity of 30.2
mmol/g, more than an order of magnitude higher than
the other, non-Pt-containing solids.

At 400 °C, the presence of the copper and the oxidizing
atmosphere begins to have an effect in the study of the
copper-substituted hydroxyapatite material. The Cu2—
HA material converted the equivalent of 4.33 mmol of
DMMP/g of material at the BTP, while the commercial

(18) Gadgil, M. M.; Kulshreshtha, S. K. J. Solid State Chem. 1994,
113, 15.
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alumina converted only 2.25 mmol/g and the sol—gel
alumina converted only 3.37 mmol/g, although these
latter two studies were in the absence of oxygen.

Recent studies of materials for the high-temperature
decomposition of DMMP have included those by Cao et
al.> and Jiang et al.®® The vanadium on alumina
material examined by Cao et al. showed a decomposition
capacity of 20.2 mmol/g of solid and the iron oxide coated
MgO nanoparticle material investigated by Jiang et al.
decomposed the equivalent of 12.5 mmol/g of the solid
at 500 °C. The 0.5 wt % Pt/Al,O3; material studied by
Tzou and Weller showed a capacity of more than 54
mmol/g at 400 °C (they did not reach the BTP after 135
h).

Decomposition at Ambient Temperature. The reactiv-
ity of the solids at room temperature is dependent on
the reactivity of the surface sites and their ability to
convert DMMP to a chemisorbed species. Extensive
experiments that will be reported in a future publication
have shown that the presence or absence of oxygen in
the atmosphere makes no measurable difference in
either the overall product yield or the product branching
ratios. Also, there is not enough thermal energy avail-
able to accomplish the rearrangement necessary to
make the formation of bulk phosphate a reasonable
possibility at ambient temperature in the absence of an
additional energy source. Thus, for application as sor-
bent decontamination materials for chemical warfare
agents, those materials that have the most active
surface sites, even though they may not show sustained
activity at high temperature, will be the most desirable,
and the upper limit for the decomposition capacity will
be determined by the number of available surface sites
that actively decompose the agents.

The room-temperature adsorption/decomposition re-
sults can be used to form an estimate of the surface
capacity and reactivity of the current materials for
DMMP. For the commercial y-Al,03, for example, it
appears from Figure 2A that the decomposition reaction
was virtually complete by the time the sample had been
exposed to 85 umol of DMMP, indicating that nearly all
of the decomposition sites had been poisoned at this
point. However, breakthrough of DMMP was observed
much earlier, after exposure to 49 umol of DMMP. Up
until breakthrough of DMMP, all of the inlet DMMP
was adsorbed on the surface. After breakthrough, a
decreasing fraction of the inlet DMMP was adsorbed,
and methanol was produced at the sites that are active
for decomposition, until all of the adsorption sites are
saturated, which presumably also corresponds to the
point at which all the decomposition sites have been
poisoned. Thus, saturation coverage of the surface
corresponds to between 49 and 85 umol of DMMP.

Using the Lewis acid site densities for dehydroxylated
alumina reported by Knézinger and Ratnasamy,® it can
be calculated that 60 mg of the pure alumina (148 m?/
g) should have an adsorption capacity of ~75 umol of
DMMP when dehydroxylated at 470 °C, assuming
coordination through the P=0 bond at Lewis acid sites
(5.05 x 10 sites/cm?). This is consistent with the
estimate above of the saturation coverage of DMMP on
the alumina surface.

(19) Knozinger, H.; Ratnasamy, P.; Catal. Rev.-Sci. Eng. 1978, 17,
31.
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Approximately 7 umol of volatile carbon are produced
by the y-Al,O3, and between 49 and 85 umol of DMMP
is the estimated adsorption capacity. This yields an
estimate of 8—14% for the fraction of adsorption sites
that are active for decomposition. If the same adsorption
site density is used for the FeO,/Al,O3 surface (5.05 x
10 sites/cm?), the predicted adsorption capacity for 60
mg is 53 umol of DMMP, which agrees with the observed
DMMP breakthrough point. The total volatile carbon
produced is ~5.6 umol, so that the apparent fraction of
adsorption sites that are active for decomposition is
~10%, within the range of values estimated for y-alu-
mina at 25 °C.

The specific total product yield for the sol—gel alu-
mina is higher than that of the other solids, as discussed
above (see Figure 10). It is suspected that the presence
of transitional phases in the sol—gel material is respon-
sible for the higher reactivity of the surface. This defect
site density may be one of the keys to forming the most
active material for ambient temperature decomposition.

Conclusion

We have examined the adsorption and decomposition
reaction of DMMP on three different materials from
ambient temperature to 400 °C. For all three materials
the following trend in behavior is observed. A low-
temperature decomposition pathway is active at tem-
peratures as low as 25 °C, whose rate increases with
temperature. The reaction is poisoned by DMMP frag-
ments and/or molecular DMMP, making the reaction
stoichiometric, not catalytic, at these temperatures, and
~10% of the DMMP that is adsorbed will be decomposed
via this path at 25 °C. Increasing temperature brings
about an increase in the decomposition activity of the
surface because of higher reactivity of the surface and
less poisoning by molecular DMMP. This decomposition
path is augmented at temperatures in excess of 200 °C
by a reaction that involves continuous decomposition of
DMMP. Since it is clear from numerous studies that
DMMP fragments, primarily methyl methylphospho-
nate, occupy all of the most active sites on the surface
at these temperatures, this second reaction may involve
participation of DMMP fragments directly in the con-
tinued decomposition.

At 200 °C, the sol—gel Al,O3 surface decomposes every
DMMP molecule up to the BTP to yield, on average, one
methanol molecule and one adsorbed fragment. At 300
°C, the BTP is 40% higher than at 200 °C, and every
DMMP molecule up to the BTP decomposes to yield two
methanol molecules, or the equivalent, and an adsorbed
fragment.

At temperatures in excess of 300 °C, an additional
set of products is observed, CO, CO,, and CH,4. These
species may be generated from the initial decomposition
products of DMMP, methanol, or dimethyl ether, rather
than from DMMP directly.
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