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The oxidative decomposition of dimethyl methylphosphonate
(DMMP) has been studied over Cu-substituted hydroxyapatite cat-
alysts in a flow reactor in the temperature range 373-773 K. By
substitution of a portion of the Ca’* by Cu?* in the hydroxyapatite
lattice, the catalytic activity was markedly increased. The composi-
tion Cu,Cag(PO,)s(OH),, herein called Cu2-HA, had the highest
activity among these catalysts. All the catalysts showed 100%
conversion at the beginning of the reaction, but became deactivated
after a period of time. Only CO, and H,0 were produced during
the “protection period” of the 100% conversion. With deactivation,
CO, formation decreased and methanol and dimethyl ether ap-
peared as products. A phosphorus-containing product was not
detected in the gas phase. Some condensate of phosphoric acid
appeared in the outlet of the reactor after deactivation. Several
analytical methods revealed that carbonaceous compounds did not
remain on the surface after 773-K oxidative regeneration, but the
phosphorus compounds that had accumulated during the reaction
were not eliminated. The catalytic activity of Cu-substituted hy-
droxyapatite was compared to that of conventional supported Pt
catalysts. This study suggested that easily made and cheap Cu-
substituted hydroxyapatite catalysts could be used as successful
alternatives to conventional adsorbents and catalytic systems based
on supported noble metals devised for protection against nerve

gases in warfare. < 1994 Academic Press, Inc.

INTRODUCTION

There is renewed interest in developing reliable meth-
ods to transform toxic agents into harmless substances
for defense against chemical warfare, as well as for atmo-
spheric pollution abatement. Such catalysts would be use-
ful for the destruction of certain insecticides and other
volatile organic compounds (VOC). Several recent studies
using dimethyl methylphosphonate [CH,(CH,0),PO,
DMMP] as a simulant gas have concentrated on the sur-
face chemistry (1-9). The catalytic reactions, however,
have not yet been widely investigated.
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Pt/ALO, was first reported by Weller and coworkers
(10, 1) as an oxidation catalyst for DMMP and for isopro-
py! methylphosphonofluoridate (Sarin or GB). A fresh
catalyst completely converted DMMP even at a low tem-
perature (473 K) in a conventional flow system. However,
after a certain time on stream, the catalyst abruptly lost
activity. The major products were CH,OH, CO,, and
H,O. The reaction over the deactivated catalyst was prin-
cipally hydrolysis to give methanol and phosphoric acid
which was obtained as a syrupy condensate at the exit of
the reactor. A typical behavior pattern observed regard-
less of the reaction temperatures is shown as Fig. 1. It
consists of a “*protection period”’ (A) where we report that
only CO, and H,O were formed, then a sharp deactivation
period (B) where CH;0H was released from the catalyst,
and finally a poisoned catalyst (C) which mainly released
CH,OH. Much of the paper of Graven et al. (10) is devoted
to the uncatalyzed reaction and to the *‘Steady-State Ki-
netics’” determined in region C of Fig. 1. For practical use
the length of the protection period (region A) is critical.
However, regions B and C must be considered from the
viewpoint of the nature of the poisoning and the possibility
of regeneration of the catalyst.

In their review paper (1), Ekerdt e¢ «l. stated, *‘The
reasons for selecting a Pt catalyst are not detailed in the
existing literature, . . . .”" Actually Graven et al. (10)
stated explicitly, **A considerable number of catalysts,
both commercial and laboratory-prepared. were initially
screened. Platinum supported on high area alumina gave
the most promising results. . . . ** However, Graven et
al. did not list the catalysts evaluated, nor did they provide
data to permit a comparison to be made between a typical
commercial supported Pt catalyst and those others
screened. In a later paper Baier and Weller (11) reported
the initial products from GB (region A) were stoichiomet-
ric amounts of CO,, H,0. HF, and H,PO,, but that in the
lined-out condition the reaction shifted to dealkylation
producing fluor acid and C,H,.

Among the model surface chemistry studies, Mo(110)
was reported by Yates and co-workers to show the best
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Typical behavior of oxidative decomposition of DMMP over

performance for DMMP decomposition (6-8). When a
1:2 DMMP/O, flux [DMMP: 3.4 x 10" molecules/
(cm? - min)] was incident on a Mo(110) disk at a tempera-
ture of 898 K, carbon monoxide and phosphorus oxide
were produced steadily and only oxygen was present in
measurable concentrations on the surface. The authors
claimed *‘This is the first report of the sustained catalytic
destruction of DMMP.”” Ni(111) and Pd(111) single crys-
tals were investigated but the activities were lower than
that of Mo(110) (1-8). Unfortunately, Pt was not investi-
gated. Supported Mo metal cannot exist under the oxidiz-
ing conditions required for practical application. Molyb-
dena-alumina catalysts, on the other hand, can be used
for this purpose, but tests made in the present work
showed that CO was produced rather than CO, as a major
product, vide infra.

More recently, Hsu et al. (9a) investigated the oxidation
of DMMP over monolithic Pt/TiO,/cordierite catalyst and
continuously monitored the exit gas with an on-line mass
spectrometer. Under low-pressure conditions (total pres-
sure, 0.04-0.1 Torr; 1% DMMP and 10% O, in He),
DMMP was converted to CO, and H,O at 523 K without
the appearance of phosphorus containing products. In a
comparison with a three-way pelleted NO, catalyst, the
monolithic catalyst showed superior performance charac-
teristics in terms of operating temperature, DMMP de-
struction efficiency, and reaction products. Results of
spectroscopic surface analysis revealed the formation of
P,0O; on catalyst surfaces. Further work (9b) showed that
Pt/TiO, was superior to Pt/Al,O; for protection against a
variety of lethal gases.

Although these previous studies indicated that their
catalysts were superior for the complete construction of
DMMP, a direct comparison in the conventional flow sys-
tem under the same operating conditions was not re-
ported. Therefore, in the present work a comparison was
made among those catalysts and with another candidate,
viz., Cu-substituted hydroxyapatites.

LEE ET AL.

In considering a new catalytic system for this reaction,
both its activity and its resistance to poisoning are im-
portant factors. The oxidative decomposition of organo-
phosphorus compounds as expressed in Eq. [1] leads to
the production of phosphorous acids and oxides that are
retained by the catalyst, i.e.,

CH,(CH,0),PO + (x + 15)/20,
= 3CO, + 9/2H,0 + PO, (1]
(or H,PO, from the reaction of H,0O with PO, ).

When DMMP is completely oxidized as in Eq. [1] at tem-
peratures below 623 K, the PO, is not removed from the
surface. The sublimation point of P,Qs is 633 K. Thus at
low temperatures catalyst poisoning may be unavoidable.

A satisfactory system which must operate at low tem-
peratures should have the following properties: (i) The
catalyst must have a high activity for the complete com-
bustion of DMMP in air; (ii) since PO, formed during the
reaction is also toxic, retention by the catalyst may be
desirable; and (iii) the deactivated catalyst should be eas-
ily regenerated or, when regeneration is not possible, dis-
carded safely at minimum cost. The cost of Cu2-HA pre-
pared in tonnage quantities may be estimated at several
dollars per pound. The cost of the Cu/pound of catalyst
is currently about 12 cents. It could be discarded without
environmental impact. By contrast, Pt is presently valued
in excess of $400/0z. A pound of alumina with 2% Pt
would contain around $80 worth of Pt. True, in principle,
most of this is recoverable, but in warfare this may not
be practical. On the basis of this general idea, hydroxyapa-
tite, a kind of calcium phosphate of variable composition,
was selected in this study. Since hydroxyapatite has a
phosphate lattice, and H,O is produced as well (Eq. (1]),
the possibility existed that this deposit could become in-
corporated into or extend the lattice.

Hydroxyapatites have several unique characteristics,
which make them worthy of consideration as catalysts.
The chemical composition can be varied from the stoichio-
metric form (Ca/P = 1.67) to calcium-deficient forms
(nearly that of tricalcium phosphate, Ca/P = 1.5) (12-14)
without any significant change in the apatite structure.
The calcium-deficient hydroxyapatites function as acid
catalysts (15-21), while stoichiometric hydroxyapatite
has basic properties (22). The selectivity of alcohol dehy-
drogenation and dehydration over hydroxyapatite cata-
lyst has been reported to be controlled by this stoichiome-
try (23). Hydroxyapatites can be prepared cheaply from
readily available materials. They have relatively high sur-
face areas, 60-100 m*/g, and high heat resistance (stable
up to 1173 K) due to their nonporous structures (15). One
more important feature of this material is cation and anion
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exchangeability (24, 25). The cation exchangeability can
endow redox activity to the hydroxyapatite, even though,
surprisingly, no oxidation system using the hydroxyapa-
tite catalyst has so far been studied. These many advan-
tages make the hydroxyapatites attractive as catalysts
for nerve gas decomposition. This study focuses on the
feasibility of their use as practical nerve gas decomposi-
tion catalysts.

EXPERIMENTAL

Catalyst Preparation

Calcium hydroxyapatites (stoichiometric and deficient
forms) were made as described previously (15). The vol-
ume of H,PO, (Fisher) required to give a desired Ca/P
ratio was slowly titrated while stirring into the Ca(OH),
solution at room temperature. Pyrex vessels were used
and the reagents were mixed under N, to minimize reac-
tion with atmospheric CO,. A fine gel-like precipitate ap-
peared immediately, and this suspension was heated for
15 h at 353 K for aging and crystallization. The slurry was
then filtered and dried at 403 K for another 15 h. The
products, white crystalline solids, were sieved for cata-
lytic studies to 40-80 mesh. The Ca(OH), solution was
prepared by dissolving CaO obtained by decomposition
of CaCO; in vacuum at 1173 K, in doubly distilled water.
Saturated Ca(OH), solution was filtered and used after
determination of the Ca concentration by atomic ab-
sorption.

Cu-substituted hydroxyapatites were obtained by co-
precipitation using calcium nitrate (Sigma, Ca(NOj), -
4H,0) and copper nitrate (Sigma, Cu(NO;), - 2.5H,0)
mixed solution [total concentration (Cu + Ca): 0.25 M]
and a diammonium hydrogen phosphate (Sigma,
(NH,),HPO,) solution (0.25 M) according to the procedure
of Pujari and Patel (25). Doubly distilled water was used.
The pH of each solution was adjusted to pH > 11 by
addition of aqueous ammonia and precipitation was car-
ried out under anaerobic conditions. The precipitate and
mother liquor were aged by boiling under reflux for 6 h.

Pt-supported y-ALO; (Ketjen), TiO, (Degussa), and hy-
droxyapatite (Aldrich) were prepared by adding the sup-
ports into a solution of platinum acetylacetonate in meth-
ylethylketone and ethanol (1 : 1). Butanol was then added
to precipitate the platinum acetylacetonate onto the sur-
face of the support. This was followed by heating to 573
K to decompose the acetylacetonate. The resulting pow-
der was pressed into a soft pellet and then crushed to
obtain the 40-80 mesh fraction. Mo supported on y-Al,O;,
TiO,, and hydroxyapatite catalysts were made by the in-
cipient wetness method using ammonium molybdate tet-
rahydrate [(NH/)(Mo,0,, - 4H,0, Aldrich] and similarly
treated.
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Techniques

X-ray diffraction. X-ray diffraction patterns of the
samples were obtained with Diano XRD-700 powder dif-
fractometer using Cu Ko radiation (1.54056 A). The X-
ray tube was operated at 50 kV and 25 mA. Spectra were
scanned at a rate of 0.2° min~! (in 26).

ESCA. ESCA spectra were recorded with an AEI
ES200 A spectrometer equipped with an aluminum anode
(Al Ka = 1486.6 eV) operated at 12 kV and 20 mA.
The residual pressure inside the analysis chamber was
typically 5 x 10°® Torr. The Ca2p,, line (347.5 eV) of
the hydroxyapatite was used as a reference for ESCA
binding energy measurements.

MAS NMR spectra. MAS NMR spectra of the *'P
nuclei were recorded using a Bruker MSL-300 spectrome-
ter at 121.497 MHz with a spinning rate of 5 kHz. The
chemical shifts were obtained relative to 85% H,PO, as
a standard.

Infrared spectra. Infrared spectra were recorded at
room temperature on a Cygnus 100 FT-IR spectrometer
(Mattson, Inc.) at a resolution of 4 cm~'. The infrared
cell has been described previously (26). It had a built-in
furnace which could be used to pretreat samples in situ
at high temperatures. Samples were mounted in the cell
as wafers having a thickness between 10 and 20 mg/cm?.

Microbalance Experiments

Microbalance experiments were made with a Cahn
Model RG balance in the flow mode. Weight changes with
time were recorded under the same conditions used for
the catalytic reaction.

Catalytic Reactions

Catalytic reactions were studied in a conventional flow
system. 0.3 g of catalyst (40-80 mesh) was packed be-
tween quartz wool plugs in an 8-mm quartz tube reactor
and N, was used as a carrier gas of DMMP. This was
saturated with DMMP at 298 K at a flow rate of 60 ml/
min and was mixed with an equimolar mixture of O, and
N, (20 mi/min each) just before the inlet of the reactor.
This mixture was passed over the catalysts at atmospheric
pressure. The total flow rate was thus 100 ml/min and the
final O,/N, ratio was 1/4. Hence the DMMP concentration
at the inlet was 2.885 x 10~ mol/liter (NTP). The flow
rates were maintained constant by rotameters and meter-
ing values. These conditions were maintained at all tem-
peratures and in all experiments. All the lines from the
saturator were heated to 393 K to prevent condensation
of DMMP. The catalyst was pretreated at 773 K for 1 h
with flowing N, before reaction. The conversion of
DMMP was determined by the disappearance of the re-
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actant and the products were analyzed by GC (Gow-Mac,
GC-750). CH;0H, CH;0CH;, and DMMP were separated
over 10% Carbowax 20M on Supelcoport column (Su-
pelco, 2 m x 1/8" 0.D.) at 368 K; detection was by FID.
CO,, CO, 0,, and N, were separated by CTR column
(Alltech) at 303 K and detected by TCD. The temperatures
were controlled to 0.5 K.

RESULTS

Reactivity of Cu-Substituted Hydroxyapatite Catalyst

Figure 2 shows the XRD patterns of the Cu-substituted
hydroxyapatites [Cu,Ca,,_ (PO4)(OH),, which is abbre-
viated to CuX-HA] from 20° to 60° in 26. Only the XRD
pattern characteristic of the apatite structure was ob-
served up to Cu2-HA where the pattern became diffuse.
For X > 2 additional lines were observed that could be
assigned to Cu,(OH)PO,.

The time courses of the DMMP conversion at 573 K
over hydroxyapatites (stoichiometric and Ca-deficient)
and the Cu-substituted ones (Cu0.25-HA and Cu2-HA)
are shown in Fig. 3. In the protection period, 1009 con-
version of DMMP was observed for all catalysts. In this
region, the only products detected were CO, and H,0.
After this period, the conversion drastically decreased
and reached a lower stable level (ca. 20%). As the activity
decreased, methanol was formed along with CO,. Phos-
phorus-containing products were not detected by GC.
This feature was common for all the hydroxyapatite cata-
lysts and the Pt/AL,O, system as well, vide infra. No
significant differences were observed between Ca-defi-
cient hydroxyapatites and the stoichiometric one. How-
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FIG. 2. X-ray diffraction patterns of Cu-substituted hydroxyapatite
catalysts (Cu,Caq_(PO,)s(OH)s; x = 0, 0.25.2, 4, 6, and 8 [CuX-HA]).
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FIG. 3. Time courses of the conversion of DMMP over stoichiomet-
ric (@, Ca/P = 1.67), Ca-deficient hydroxyapatites (O, Ca/P = 1.63;
W, Ca/P = 1.59; O, Ca/P = 1.55), Cu0.25-HA (O), and Cu2-HA (A)
[temperature, 573 K; DMMP concentration, 2.885 x 10~* mol/I; total
flow rate, 100 ml/min; O,/N, = 1/4; catalyst weight, 0.3 g].

ever, substitution of 2.5% of the Ca by Cu increased the
duration of the protection period by a factor of 2 and 20%
substitution by a factor of 4. At this temperature, the
conversion in a blank test (using glass beads) was 3%,
independent of reaction time.

Since a positive effect was observed by substitution of
Cu, the effect of Cu concentration was investigated. Even
though all the Cu-modified hydroxyapatite catalysts
(CuX-HA: X = 0.25, 1, 2, 4, and 8) showed a similar
variation with time, their effectiveness varied. This is
illustrated in Fig. 4a, where their protection periods at
573 K are compared. (The BET surface areas are shown
in parentheses.) A volcano-like pattern was obtained;
Cu2-HA was the most active for the oxidative decomposi-
tion of DMMP and the protection period against DMMP
was about 1.3 h, twice as long as that of Cu0.25-HA. The
protection period of Cu2-HA could be extended to ca. 3
h by use of twice the amount of the catalyst, suggesting
that it was being poisoned by the PO, deposited during
the oxidative decomposition. In order to elucidate the
effect of the increase of the total surface area on the
activity of Cu-substituted hydroxyapatite catalysts, the
dependence of the activity on the Cu content was replot-
ted in Fig. 4b after a normalization to the BET surface
area. Cu2-HA was still the best catalyst; although the
magnitude of the changes decreased, the trend of the
volcano-like shape was maintained. This shows that the
variation of the catalytic activity cannot be entirely attrib-
uted to the changes in the surface area.

The temperature dependency of the oxidative decom-
position of DMMP over Cu2-HA was examined and the
results are presented in Fig. 5. At 373 K, 100% conversion
of DMMP was observed for only 5 min; however, no
products were obtained. At 473 K, the formation of CO,
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FIG. 4. (a) Dependence of the protection period on the substituted
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surface areas. (b) After normalization to the surface area of the Cu-
substituted hydroxyapatites.

and H,O in the 100% region was observed. Both the activ-
ity and the protection period were markedly enhanced
by raising the temperature to 673 and 773 K. At these
temperatures, 1009% conversion could be maintained for
over 7.5 and 9 h, respectively, and about 70% conversion
could be kept for over 30 h at 673 K. In other words,
this catalyst could be of practical interest at these higher
temperatures.
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FIG. 5. Temperature dependence of the oxidative decomposition
over Cu,Cay(POy)(OH),. B, 373 K; (J, 473 K; @, 573 K; O, 673 K
[DMMP concentration, 2.885 x 10~ mol/l; total flow rate, 100 ml/min:
0,/N; = 1/4; catalyst weight, 0.3 g].
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FIG. 6. Product distribution for the oxidative decomposition of
DMMP over Cu2-HA at 573 and 673 K. Yield (%) = (number of C
atoms in each product)/(number of C atoms in the DMMP introduced)
x 100.

The product distributions of the oxidative decomposi-
tion of DMMP over Cu2-HA at 573 and 673 K are shown
in Fig. 6. During the protection period, only CO, and H,0
were formed. The CO, yield was 100% at 673 K but only
70% at 573 K where presumably some partially decom-
posed products remained on the surface. CO, formation
decreased as the catalyst deactivated. This was accompa-
nied by the appearance of methanol (and dimethyl ether
at 673 K).

Regeneration of Cu-Substituted Catalyst

For the practical purpose of defense equipment, a high-
performance catalyst that will operate at low temperature
is thought necessary (9). At 573 K, even though all the
Cu-modified hydroxyapatite catalysts had an acceptable
initial activity, they became deactivated after a short pe-
riod of time. A series of experiments was carried out to
investigate the causes of deactivation and the possibility
of regeneration. Cu0.25-HA catalyst was selected for this
purpose; it was severely deactivated after 2 h at 573 K
as shown in Fig. 3. It was chosen because XRD indicated
that it was better crystallized (showed a more perfect
apatite structure than Cu2-HA). The deactivated catalyst
was treated in flowing O, for 1 h at 573 K or at 773 K,
respectively, and the reactions were repeated at 573 K.
The results are shown in Fig. 7. While only a small fraction
of the initial activity was recovered after 573-K regenera-
tion, after 773 K the initial activity was fully regenerated.
On the other hand, Cu2-HA which showed the highest
activity was only partially regenerated by the 773-K oxida-
tion after reaction at 573 K for 3 h (the protection period
after regeneration was less than 30 min). These data sug-
gest that the catalyst is deactivated by phosphate residues
which can migrate from the active site to the support at
high temperature, but not at 573 K. A limited capacity of
the support for storage of phosphate residues may be the
explanation of the partial regeneration of Cu2-HA.
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FIG. 7. Regeneration of the deactivated Cu0.25-HA catalyst. (A)
First run at 573 K (O); 2nd run at this temperature after oxidation at
573 K for 1 h (@). (B) First run at 573 K (O); 2nd run at this temperature
after oxidation at 773 K for | h (@). Reaction conditions were the same
as those in Fig. 3.

Study of Catalyst Deactivation and Regeneration

The changes which occurred during use and regenera-
tion were investigated using several analytical methods.
Some results for Cu0.25-HA are summarized in Table
1. XRD data showed no significant changes of the bulk
structure occurred during reaction at 573 K. XPS binding
energy measurements also showed that the P2p binding
energy value was little affected by activation, reaction,
orregeneration treatments. However, a significant change
of the intensity of P2p peak was observed. The XPS area
ratio [I(P2p)/I(Ca2p)] increased from 0.15 for the fresh
catalyst (after 773-K pretreatment) to 0.25 after reaction
at 573 K but was little changed (0.23) after regeneration
at 773 K. These data suggest that phosphorus compounds
formed during the oxidative decomposition of DMMP ac-
cumulated on the surface blocking the oxidation centers.

The state of the phosphorus compound was investigated
by solid-state *'P NMR. Before reaction, only one peak

TABLE 1
Changes of Cu0.25-HA by Reaction and Regeneration

Activity?
(% XPs? P NRM°¢
conversion) I(P2p)/1{Ca2p) (ppm)
Fresh? 100 0.15 5.2
573-K reaction ca. 20 (2 h) 0.25 27,52
773-K regeneration 100 0.23 5.2

LEE ET AL.

TABLE 2

Chemical Shifts of 3'P NMR

@ Initial % conversion of DMMP at 273 K after each treatment; see
Fig. 7.

b The ratio of peak areas

¢ The chemical shift referred to 85% phosphoric acid.

4 The catalyst was pretreated for 1 h at 773 K in N,.

Chemical
shift (ppm) Formula Name Reference
2.8 Cay(PO,)(OH), Calcium hydroxyapatite 27
2.3 Cay(PO,4)(OH), Calcium hydroxyapatite 31)
110 P,Oq 29)
150 POy 30)
24 CH,PO, Methylphosphonate 32)
39.4 (CH;0),CH,PO Dimethy] methylphosphonate (28)

at 5.2 ppm was observed; this was due to phosphorus in
the hydroxyapatite structure. There was no difference in
the chemical shifts among Cu-modified hydroxyapatite
catalysts. After reaction at 573 K, a new peak appeared
at 27 ppm along with the peak at 5.2 ppm. According to
the P NMR chemical shifts summarized in Table 2, the
former peak could be assigned to methylphosphonate (32).
The peak at 27 ppm disappeared after oxidation treatment
at 773 K. However, no peaks which could be attributed
to phosphorus oxides (100—-150 ppm) were detected fol-
lowing oxidation. This suggests that PO, was transformed
to a form of phosphate by reaction with H,O formed
during the reaction. If phosphoric acid were formed, its
peak at 0 ppm would overlap that due to the hydroxyapa-
tite (5.2 ppm). Note that somewhat lower values have
been reported in the literature (Table 2).

The change of the catalyst weight was followed by Cahn
microbalance. The weight of the catalyst increased contin-
uously with the time on stream at 573 K. The catalyst
gained 14% over a period of 28 h. At this point the reactant
gases were switched to oxygen and the temperature was
increased by 1°/min in flowing O,. The weight started to
decrease at about 628 K. It reached another stable state
at about 753 K. The weight loss during temperature pro-
grammed oxidation (up to 773 K) was only 14.6% of the
weight gained during the 573-K reaction. The general con-
clusion is that the catalyst cannot be restored to its initial
condition by this simple procedure.

IR Spectroscopy Study of the Transformation of
Adsorbed DMMP by Heating

The transformation of adsorbed DMMP on Cu0.25-HA
during heating in flowing O, was studied by IR using the
in situ IR cell (Fig. 8). When the activated catalyst was
exposed to the DMMP vapor at room temperature, four
bands were observed (2993, 2960, 2927, and 2857 cm ™))
in the region of C—H stretching. The IR spectrum obtained
after adsorption at room temperature was identical to that
of liquid DMMP indicating that the DMMP was adsorbed
in a molecular form on the Cu-substituted hydroxyapatite.
According to Moravie et al. (33), the absorption bands at
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2993 and 2927 cm™! could be assigned to v, (C-H) and
v,(C—H) of P-CH, group, respectively, while 2960 and
2857 cm ! were due to the corresponding vibrations of
the P-OCH; groups (Fig. 8). After 573-K oxidation, the
intensity of the latter pair of bands (P-OCH,) decreased
much more relative to those at 2993 and 2927 cm ™' bands
(P-CH,). The P-OCH; bands disappeared after 673-K
oxidation versus 773 K for the P-CH, peaks, showing
that the methoxy groups are attacked preferentially. Inter-
estingly, the compound is completely decomposed (or
desorbed) after heating to 773 K, which means that the
surface can be virtually completely cleaned of carbona-
ceous decomposition products at that temperature. This
does not mean that PO, compounds are not retained (Ta-
ble 1).

Comparison to Other Catalytic Systems

A comparison of the Cu2-HA catalyst with a sample of
a Pt/TiO,/cordierite catalyst (1.6 wt% Pt) was made. The
latter was crushed and the 40—-80 mesh fraction was used.
When comparison was made on the basis of equal weights
of catalyst, the behavior of the two catalysts was quite
similar; both had protection periods of about 1.8 h. Since
the catalyst was diluted by the cordierite, this comparison
may not be fair. For a better comparison, several Pt-
supported catalysts were prepared and their activities
were examined (Fig. 9). All Pt-supported catalysts on y-
ALO,, TiO,, or hydroxyapatite (1.2 wt% Pt) showed
higher activities than that of Cu2-HA. Among them, Pt/
AlLO; was the best catalyst and Pt/HA and Pt/TiO,
showed similar behavior. The improvement was not so
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FIG. 8. IR spectra taken during decomposition of adsorbed DMMP
on Cu0.25-HA by heating: (a) clean catalyst evacuated at 773 K for 1
h, (b) after DMMP adsorption for 1 h at room temperature and then
evacuation for 30 min, (c¢) following a 573-K oxidation for 1 h, (d) after
a similar oxidation for 1 h at 673 K, and (e) after a 773-K oxidation.
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FIG. 9. Comparison of Cu2-HA with supported Pt catalysts: (@)
Cu2-HA, (O) Pt/HA, () Pt/Al,O;, and (A) Pt/TiO, all at 573 K, and
(O) Cu2-HA at 673 K. Other reaction conditions are the same as those
in Fig. 3.

large, however, that compensation could not be made by
increasing the weight and temperature of the Cu2-HA
catalyst. As shown in Fig. 9, the protection period of Cu2-
HA at 673 K (7.5 h) was comparable to that of Pt/HA
and Pt/TiO, at 573 K (8 h). Doubling the weight of catalyst
would make the result comparable with the Pt/Al,O; cata-
lyst. The product distributions were very similar among
the Pt-supported catalysts as shown in Fig. 10. Only CO,
and H,O were formed during the protection period and
the CO, yields were 100%. Methanol formation was con-
comitant with the deactivation of the catalysts.

The protection period of the 8 wt% Mo/y-Al, O, catalyst
was 2.5 h, but unlike the Cu- or Pt-based catalysts, the
principal product formed during the protection period was
CO instead of CO,.

DISCUSSION

Divalent cations such as Ba, Sr, Cd, and Pb have been
substituted for Ca in hydroxyapatites. Some of these cat-
ions reportedly form solid solutions with Ca hydroxyapa-
tite over the full range of composition. Cupric hydroxyap-
atite has been reported (24) to have a limited range of
composition. Patel and Rao (34) reported the formation
of a product that was identified as cupric hydroxyapatite
but without any definite characterization. Misra (35) has
reported that the interaction of an excess amount of aque-
ous cupric ions with calcium hydroxyapatite produced
cupric orthophosphate, Cu,(PO,), - 3H,0, and libethenite,
Cu,(OH)PO,, instead of cupric hydroxyapatite. In the
present work, solid solutions of Cu and Ca hydroxyapatite
could not be obtained over the full range as shown in
Fig. 2. A new species appeared at Cu4-HA assignable to
Cu,(OH)PO,, which agrees well with Misra’s report.

Hydroxyapatites have been used in prior work only as
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FIG. 10. Formation of CO, and CH;OH in the oxidative decomposition of DMMP over Pi-supported catalysts at 573 K,

weak acid or base catalysts or for dehydrogenation of
alcohols. However, it is well known that these materials
have a cation exchange capacity. Hence, it was inferred
that a redox property should be present in the Cu-substi-
tuted material. This was justified by the results presented
in Figs. 3-6. To the best of our knowledge, this is the first
study to use the hydroxyapatite as an oxidation catalyst.

On the basis of IR and NMR results, a mechanism for
the reactions of DMMP on heating in O, could be pro-
posed:

CH3 o H CH3 OCH3 CH3
N1LOCHs N/ I

P P P

. 573K 673K

§ B &% m iy

| e Vg oo Q97 1

S S s' s § 8"
Dimethyl Methy! Methyl-
methylphosphonate methylphosphonate phosphonate
(DMMP) (MMP) (MP)

DMMP adsorbed at room temperature is partially decom-
posed to methyl methylphosphonate [CH;P(OCH,)0,] at
573 K, methyl phosphonate (CH,PO,) at 673 K, and finally
totally decomposed at 773 K. Note that these data were
collected for a good crystalline hydroxyapatite, Cu0.25-
HA. Other preparations may be expected to scale some-
what differently with temperature. Cu2-HA produced
100% of CO, (within experimental error) at 673 K through-
out the protection period (see Fig. 6).

Templeton and Weinberg (4, 5) showed, using inelastic
electron-tunneling spectroscopy, that DMMP decom-
posed on Al,O, into methyl methylphosphonate at 295 K
and methyl phosphonate at 573 K, while the P-CH, bond
was stable to at least 673 K. White and co-workers (2, 3)
reported that on Pt(111), the PO-CH, bond was cleaved
at 300-400 K; the P-CH; bond was cleaved at 400-500
K, leaving predominantly PO and an unidentified PO,
species which were stable to at least 500 K. Therefore,
the decomposition mechanism of DMMP on Cu-hydroxy-
apatite may be quite similar to that on a Pt single crystal
and on Al,O,.

In the present study, phosphorus containing gaseous
products were not detected in the products from reaction
at 573 K. The phosphorus concentration on the surface
(determined by ESCA) was greatly enhanced during the
reaction, but was not further changed (Table 1) even
though the initial activity was recovered by the 773 K
regeneration. Moreover, the weight gain of the catalyst
during the reaction was not reversible by the 773 K oxida-
tion. The following can be suggested from these results.
A phosphorus residue is accumulated on the surface as
a partially decomposed form of DMMP at 573 K, possibly
methyl methylphosphonate, as was suggested by the IR
results. The partially decomposed form of DMMP was
totally transformed to PO;~ at 773 K. The regeneration
of catalytic activity was due to the migration of phospho-
rus from the active site (Cu®*/Cu™) to the support (hy-
droxyapatite) which acted as a reservoir.

After deactivation, a sticky condensate was obtained
at the exit of the reactor. This could be H,PO,, as Graven
et al. (10) have reported for their Pt/Al,O; system. The
formation of H,PO, can be explained by a hydrolysis of
the partially decomposed form of DMMP by the H,0O
produced by combustion.

Direct comparison among Cu2-HA (12 wt% Cu), Pt/
ALO, (1.2 wi% Pt), and Mo/Al,O, (8 wt% Mo) catalysts
revealed that the order of activity per g-catalyst is Pt >
Mo > Cu. Although Mo/Al,O; was more active than Cu2-
HA, it cannot be used as an alternative to Pt/AlLO; since
it produces CO instead of CO, during the protection pe-
riod. As explained before, hydroxyapatite catalyst is
cheap and readily available. The used catalyst may be
discarded. Comparing the activities of Cu2-HA and Pt/
Al,O;, as shown in Fig. 9, the Cu2-HA can match the Pt/
Al,O, if one uses twice the weight and 100° higher reaction
temperature. This does not make it equally active; only
that it may act as a reasonable substitute. In fact, at 673
K, the protection period achieved with 0.6 g of Cu2-HA
was ca. 20 h. This temperature is too high for use in a
simple single-pass reactor, but could find application in
a more sophisticated system involving a well designed
heat exchanger. Therefore, it may be concluded that Cu2-
HA can be an effective catalyst for nerve gas decomposi-
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tion and may be substituted for the conventional catalytic
system based on the noble metal.

CONCLUSION

1. For the oxidative decomposition of DMMP, hy-
droxyapatite catalysts showed 100% conversion at the
beginning of the reaction at 573 K but quickly lost this
ability after a time defined as the ‘‘protection period.”
During this period, the products were CO, and H,O, while
CH,0OH was formed during deactivation.

2. The catalytic activity of hydroxyapatite was mark-
edly increased by substitution of Cu for Ca. Among Cu-
substituted hydroxyapatites, Cu2-HA incorporated the
most Cu while maintaining the apatite structure and
showed the highest activity.

3. Adsorption and partial decomposition of DMMP oc-
curred at 373 and 473-573 K, respectively.

4. Total decomposition of DMMP occurred at 673-773
K. Phosphorus compounds which were produced during
the decomposition could not be eliminated from the sur-
face even after 773-K oxidation. The regeneration of cata-
lytic activity appears to be due to the migration of these
materials to the support which acts as a reservoir.

5. Cu,Cay(PO,)(OH), catalyst, which can be prepared
easily and cheaply, exhibits high catalytic activity for
DMMP decomposition and could constitute a practical
catalytic defense system against nerve gases in warfare.

ACKNOWLEDGMENTS

This work was supported by funds made available by the Materials
Research Laboratory of the University of Pittsburgh. The authors are
grateful to Dr. Chen C. Hsu for a sample of Pt/TiO,/cordierite and for
helpful discussions. Thanks are due also to Professor N. Eror and Mr.
T. MacNamara for preparation of Ca-deficient and Pt-coated hydroxyap-
atites, and for measurements of surface areas.

REFERENCES

1. Ekerdt, J. G., Klabunde, K. J., Shapley, J. R., White, J. M., and
Yates, J. T., Jr., J. Phys. Chem. 92, 6182 (1988).

2. Hegde, R. 1., Greenlief, C. M., and White, J. M., J. Phys. Chem.
89, 2886 (1985).

3. Henderson, M. A., and White, J. M., J. Am. Chem. Soc. 110,
6939 (1988).

4. Templeton, M. K., and Weinberg, W. H.. J. Am. Chem. Soc. 107,
97 (1985).

5.

231

Templeton, M. K., and Weinberg, W. H., J. Am. Chem. Soc. 107,
774 (1985).

. Smentkowski, V. S., Hagans, P., and Yates, J. T., Ir., J. Phys.

Chem. 92, 6351 (1988).

. Guo, X., Yoshinobu, J., and Yates, J. T., Jr.. J. Phys. Chem. 94,

6839 (1990).

. Paul, D. K., Rao, L.-F., and Yates, J. T., Jr., J. Phys. Chem. 96,

3446 (1992).

. (a) Hsu, C. C., Dulcey, C. S., Horwitz, J. S., and Lin, M. C., J.

Mol. Catal. 60, 389 (1990): (b) Lester, G. R., Joy, G. C., and Hsu,
C. C.. Report CRDEC-CR-003, U.S. Army Armament Munitions
Command, Aberdeen Proving Ground, MD.

. Graven, W. M., Weller, S. W., and Peters, D. L., Ind. Eng. Chem.

Process Des. Dev. §, 183 (1966).

. Baier, R. W_, and Weller, S. W., Ind. Eng. Chem. Process Des.

Dev. 6, 380 (1967).

2. Neuman, W_F., and Neuman, M. W., Chem. Rev. 53, 1045 (1953).

13. Posner, A. S., Perloff, A, and Dorio, A. F., Acta Crystallogr. 11,

16.
17.

18.
19.
. Kibby, C. L., and Hall, W. K. in **The Chemistry of Biosurfaces"

[SS 2N i8]
[ S

[} NS RN I ST S5}
~ N n B

t
o

308 (1958).

. Kay, M. L, Young, R. A., and Posner, A. S., Nature 204, 1050

(1964).

. Bett, J. A. S., Christner, L. G., and Hall, W. K., J. Am. Chem.

Soc. 89, 5535 (1967).

Kibby, C. L., and Hall, W. K., J. Caral. 29, 144 (1973).

Kibby, C. L., Lande, S. S., and Hall, W. K., J. Am. Chem. Soc.
94, 214 (1972).

Kibby, C. L., and Hall, W. K., J. Catal. 31, 65 (1973).

Bett, J. A. S., and Hall, W. K., J. Catal. 10, 105 (1968).

(M. L. Hair, Ed.), Vol. 2, p. 663. Dekker, New York, 1972.

. Izumi, Y., Sato, S., and Urabe, K., Chem. Lett., 1649 (1983).
. Imizu, Y., Kadoya, M., Abe, H., Ito, H.,

and Tada, A., Chem.
Lert., 415 (1982).

. Bowman, R. S., and Piasecky, L. J., U. S. Patent 3,149,082 (1964).
. Misono, M., and Hall, W. K., J. Phys. Chem. 77, 791 (1973).

. Pujari, M., and Patel, P. N., J. Solid. State Chem. 83, 100 (1989).
. Goldwasser, J., Fang, S. M., Houalla, M., and Hall, W. K.. J.

Catal. 115, 34 (1989).

. Rothwell, W. P., Waugh, J. S., and Yesinowski, J. P., J. Am. Chem.

Soc. 102, 2637 (1980).

28. Kirk, K., and Kuchel, P. W., J. Biol. Chem. 263, 130 (1988).

30.

31

32.

33.

34.
3s5.

9. Lambert, J. B., and Riddle, F. G., ‘“The Multinuclear Approach to

NMR Spectroscopy,’” NATO ASI Series C: Mathemical and Physi-
cal Sciences, No. 103. Reidel, Dordrect, 1983.

Mehring, M., in "*NMR Spectroscopy in Solids"" (P. Diehl, E. Fluck,
and R. Kosfeld, Eds.), NMR, Vol. 11, p. 190. Springer-Verlag,
Berlin-Heidelberg, 1976.

Beiton, P. S., Harris, R. K., and Wilkes, P. J., J. Phys. Chem.
Solids 49, 21 (1988).

Kirk, K., Raftos, J. E., and Kuchel, P. W., J. Magn. Reson. 70,
484 (1986).

Moravie, R. M., Froment, F., and Corset, J., Spectrochim. Acta
Part A 45, 1015 (1989).

Patel, P. N.,and Rao, 8. V. C., J. Indian Chem. Soc. 54,942 (1977).
Misra, D. N., Mater. Res. Bull. 23, 1545 (1988).



