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Core-shell nanoparticles of metal oxides ([Fe,O3]MgO,
[Fe203]Ca0, [V203]MgO, and the other first-row transition metal
shell materials coated on nanoparticles of MgO or CaO) have been
studied as destructive adsorbents for CCls, CHCI=CCI,, CgH4Cl>,
CH3P(0)(OCHj3),, and SO,. A catalytic effect due to the transition
metal shell material has been observed, where solid state ion-ion
exchange takes place, thus allowing penetration into the MgO or
CaO particles and thereby regenerating the transition metal oxide
for additional catalytic action. Due to this catalytic effect, the
destructive adsorption reaction became nearly stoichiometric, and
therefore much higher capacities for destruction/immobilization of
the adsorbate under study were realized. For example, the reaction
CCls + [V205]MgO — CO; + [V205]MgCly; is greatly enhanced by
the presence of the V,0s, and VClIs or VCl3 appear to be inter-
mediates in the process. The catalytic effects are proposed to be
due to the intermediacy of transition metal chlorides, phosphates,
or sulfites, which are mobile and seek out reactive sites on the
MgO or CaO nanoparticles where ion-ion exchange can most
readily take place, thereby regenerating the transition metal oxide
catalyst.  (© 1998 Academic Press

INTRODUCTION

Unusual, if not remarkable, catalytic effects have recently
been reported, where a monolayer of Fe,O3 on MgO (or
CaO) led to greatly enhanced efficiencies for chlorocarbon
destruction and sulfur dioxide adsorption (1-3):

2[Fe,05]MgO + CCly -5 2[Fe,05]MgCl, + CO, [1]

2[Fe,05]Ca0 + 250, 25 [Fe,05]CaSO, + CaS. [2]

In the chlorocarbon case (reaction [1]) the presence of
the iron oxide catalytically enhanced solid state ion—-ion ex-
change deep into the MgO(CaO) particle, and the forma-
tion of MgCl,(CacCl,) on the surface did not serve to protect
the inner core (as is the case in the absence of the Fe,;O3).

In general terms, these results have been interpreted in
terms of reaction steps that are all thermodynamically fa-
vorable, as is shown in Fig. 1; in the reaction of CCl, with
[Fe,O3]CaO, FeCl; is proposed to form first, followed by
[FeCl;]-CaO — [Fe,O3]CaCl, (i.e., O —CI~ exchange). A
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second approach of CCl, causes FeCl; to form again, and
(it is proposed that) this mobile phase seeks out more CaO,
perhaps at fissures or edges/corners of the CaO nanocrystal.
Repetition of these steps can lead to complete consumption
of the core of CaO to form CaCl,, such that this solid-gas
reaction becomes stoichiometric. This is truly a catalytic
effect of Fe,Og, since it has been shown that even after ex-
tensive CCl, reaction (but less than stoichiometric), Fe;,O3
is present, having been efficiently regenerated by the re-
maining core oxide (4).

Herein is reported further work dealing with solid—gas
reactions showing that this catalytic chemistry is rather gen-
eral. All the first-row transition metal oxides have been ex-
amined, and several destructive adsorption processes with
chlorocarbons, organophosphorus compounds, and acid
gases have been investigated.

EXPERIMENTAL
Preparation of Samples

CP-MgO and CP-CaO

Conventional samples were prepared by heating com-
mercially available CM-MgO (10-30 m%g; designated CM-)
or CM-CaO (1-3 m?/g) in water at 80°C overnight under ar-
gon. After filtration the filter cake was dried in an oven at
120°C for 2 h, broken into small pieces, and then heated un-
dervacuum at 120°C overnight. The resulting CP-Mg(OH);
or CP-Ca(OH), was stored under argon until needed. Sam-
ples of CP-MgO (CP-CaO) were prepared by heating por-
tions of the hydroxides to 500°C under dynamic vacuum
and held at temperatures overnight. Surface areas ranged
from 130 to 250 m?/g for CP-MgO and 50 to 100 m?/g for
CP-CaO.

AP-MgO and AP-CaO

The aerogel/hypercritical drying procedure (samples des-
ignated AP-) has been described earlier (3). Figure 2 sum-
marizes the steps involved. Surface areas obtained ranged
from 250 to 500 m?/g for AP-MgO and 120 to 160 m?/g for
AP-CaO.
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FIG. 1.

Transition Metal Oxide-Coated MgO and CaO

Metal acac procedure. Metal acetylacetonates (acac)
were dissolved in THF and allowed to adsorb onto MgO
and CaO samples as described earlier for iron oxide on
MgO (1, 3).

Metal nitrate procedure. Adesiredamount of Fe(NO3); -
9H,0 was placed in a round-bottom flask equipped with a
thermometer and magnetic stir bar, and 30 ml of doubly
distilled water was added with stirring for 5 min. Then
1.0 g of CP-MgO (or AP-MgO) was added and the flask
was sealed and stirred for 48 h. Two methods were used to
remove the water: (1) evaporation, in which all the iron
nitrate was forced to deposit on the MgO surface; and
(2) filtration and then rinsing with water, during which
impregnation of the MgO occurred in the 48-h stirring
period.

The samples were dried at 200°C in an oven and stored
in vials under argon in the dark.

Samples prepared in this way led to wt% loadings of Fe
of 1, 2, 3, 13, 23, 38, 61, and 77%, where the amount of
Fe(NO3)3-9H,0 used was 0.072, 0.145, 0.217, 1.09, 2.17,
2.17, 4.41, 11.43, and 24.09 g, respectively. The samples
ranged in color from light tan to dark red, and before use
were heat treated at 500°C under a flow of oxygen for 3 h.

AH® = -507 kJ

Reaction steps on core-shell Fe,Os-coated nanoparticles of CaO with gaseous CCl,.

Characterization of Samples

Methods for obtaining surface areas, X-ray diffraction
(XRD) data, and other procedures have been briefly de-
scribed earlier (3) and in detail (5). Elemental analyses were
performed by Galbraith Laboratories or Desert Analytics.

Destructive Adsorption by the U-Tube Pulsed
Reactor GC Method

This procedure has been described earlier (3,5, 6). Quartz
reactor tubes were used with 0.1 g of destructive adsorbent.
For these experiments, the total amount of material decom-
posed was calculated from GC peak areas calibrated with
standard injections; for example,

VL) CCly injected — V() eluted

%CCl, decomposed = Vu1,CCls injected
y

Experimental Conditions

Columns Used

CCl, studies. A Gow Mac Series 580 gas chromato-
graph was used with a 18 ft x 1/8 inch (i.d. =0.085) stain-
less steel 80/100 mesh Chromosorb W-HP column with 10%
SE-30 stationary phase, column temperature of 70, 85, or
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Flow chart for the preparation of AP-MgO and [NiO]AP-

100°, injector 120°, detector 140°, and a flow rate of 30
ml/min of He.

DMMP studies. A 6 ftx ; inch glass 4% Carbowax
2.0M on Carbograph 1 was used, 80/100 mesh with a col-
umn temperature of 200°C, injector 225°C, detector 210°C,
and a flow rate of 30 ml/min of He.

CHCI=CCI; studies. An 18 ft x 1/8 inch o0.d., 0.085i.d.,
80/100 chromosorb W-HP was used with SE30 stationary
phase, column temperature of 85°C, injector 120°C, detec-
tor 140°C, and a flow rate of 30 ml/min of He.

CeH4Cl; studies. A 7 ft x 1/8 inch o.d., 0.085 i.d., 60/80
Poropak S was used, column temperature of 125°C, injector
220°C, detector 140°C, and a flow rate of 30 ml/min of He.

X-Ray Photoelectron Spectroscopy

Measurements were made on an AEI (Kratos) ES200
X-ray photoelectron spectrometer using MgKa X-radiation
at a base pressure of 1078 to 1071° Torr. All spectra, includ-
ing core level and valence band, were recorded at a fixed

retardation ratio (FRR) mode with a ratio of 1:23. The
binding energy of the most intense peak of the carbon 1s
region was set as 284.6 eV for calibration purposes.

Samples were stored under argon in sealed glass vials.
The powder was spread evenly and pressed firmly on a
double-sided adhesive tape with one side adhering to the
copper sample probe (the powder completely covered the
tape). The sample was immediately inserted into the XPS
chamber.

Data analysis and curve fitting were carried out as de-
scribed earlier. The Gaussian/Lorentzian mix ratio was
taken as 0.5 for all component peaks (7, 8).

Elemental compositions were obtained from intensities
of the photoelectron peaks corrected for density of the
sample and the inelastic mean free path (5). Photoelectron
cross sections used in the calculations were adopted from
Scofield’s values (9) (Mg2p, 0.3604; Fe2p, 15.97; Mn2p,
13.62; V2p, 9.59; Ni2p, 21.10; and ClI2p, 2.36).

Atomic Force Microscopy

Samples of NiO, Fe,O3, V.05, and MnO, on AP-MgO
were studied. Imaging of the sample surfaces was carried
out using a SPM 30 from Wyco, Inc. (Tucson, AZ) in the
contact mode. A 100-um-long rectangular tip was used.
The force intensity was about 8 to 15 x 10~8 N and the sam-
ple surfaces were scanned using the height mode, where
the force and hence the distance between the tip and the
surface were kept constant. All images (256 x 256 pixels)
were obtained in air at room temperature. Different parts
of the surface of each sample were studied to be certain that
the observed structure was representative of the whole.

RESULTS

Carbon Tetrachloride Destructive Adsorption on Core—
Shell Nanocrystals of [MxOy]MgO, where M =
Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn

Objectives and Synthesis of Samples

The objective of the following experiments was to deter-
mine if the catalytic ability for CCl, destructive adsorption
varied with the change in transition metal oxide as the shell
material. Therefore, a series of core-shell [M;O,]MgO
particles was prepared by treating small crystals of MgO
with M(acac), in THF or other appropriate solvent. The
MgO was pretreated to 500°C under vacuum, cooled to
room temperature, and allowed to contact the M(acac);
solution at room temperature under argon. After standing,
the M(acac), was partially adsorbed onto the surface of
the MgO.

Further heat treatment led to production of the core—
shell particles.
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TABLE 1

Physical Properties, Elemental Analyses, and XPS Data on [MxO,]JAP-MgO Samples Prepared

Surface area Crystallite Oxidation state
Color (m?g) size (nm) M%?®  Mg%*  M/Mgratio®  M/Mg ratio® of M°

[Sc,03]MgO White 92 9.5 3.59 47.4 0.076
[TiO,]MgO Yellow 240 5.0 5.48 42.4 0.129
[V,0s]MgO Dark green 230 5.0 2.99 424 0.071 0.0124 +5
[Cr,03]MgO Purple 240 4.4 0.094 42.9 0.002
[MnO;]MgO Brown 290 47 4,54 41.1 0.111 0.0753 +4
[Fe;O05]MgO  Orange 290 4.4 2.51 50.0 0.050 0.326 +3f
[CoO]MgO Gray 240 4.9 342 39.2 0.087
[NiO]MgO Light green 250 4.3 3.59 493 0.073 0.423 +2
[CuO]MgO Light blue 240 6.7 6.72¢ 39.7 0.169
[ZnO]MgO White 240 4.4 6.62¢ 49.4 0.134
AP-MgO*® White 400 4.3 — —

2 By mass.

® For bulk sample.

¢ By XPS.

4 Cu and Zn-acac complexes were not highly soluble in THF and some undissolved Cu(acac) and Zn(acac), may have remained after

filtration.
¢ All samples were prepared from Ap-MgO.
fSQUID magnetometry data strongly suggest Fe®*.

Two types of well-characterized MgO powders were
used: nanocrystals labeled AP-MgO (for aerogel prepared)
and microcrystals, labeled CP-MgO (for conventionally
prepared).

Characterization of [MyOy]MgO Samples
before CCl, Reaction

Table 1 summarizes physical properties and elemental
analyses for all [M;Oy]AP-MgO samples prepared, as well
as XPS data for selected samples. Figure 3 shows complete
XPS spectra for a [NiO]JAP-MgO sample, and Figs. 4 and 5
show Mg2p, Mn2p, and V2p core level spectra. From these
data oxidation states could be determined for the transition
metal M ions (before CCl, reactions) and ratios of M/Mg
on the surface. From Table 1 it should be noted that for V
and Mn the surface ratios were not that different from the
bulk ratio, whereas for Fe and Ni the surface ratios were
much higher, indicating that the Fe,O3 and NiO resided
mainly at the surface, whereas for VV and Mn during the heat
treatment step (500°C) apparently VV and Mnionswere able
to permeate the MgO nanocrystal. However, XRD spectra
for these samples only showed the pattern for MgO, and
no evidence for crystallites of transition metal oxide was
ever seen. However, for the [CuUO]AP-MgO sample some
Cu metal was observed along with MgO.

Reactions with CCl,

Large aliquots of CCl, with short times between pulses
(first stage). A quartz U-tube reactor attached to a gas
chromatograph was employed (Fig. 6). A 0.1-g sample of

[MxO,]MgO was placed in the U-tube, and at the desired
temperature under He flow, 4 ul CCl, was injected, and
gaseous products were analyzed by GC. Injections were at
3-min intervals until 160 ul had been injected (the theo-
retical maximum was 120 wl for a stoichiometric reaction
2MgO + CCly — 2MgCl, + COy). This procedure was uti-
lized as a method of rapidly gaining comparative data on
all of the samples.

The major gaseous product was CO, and the amount
eluted decreased with increasing injection number. When
CCl,4 began to break through the bed, this injection was
noted as the breakthrough number. In some cases C,Cly
was also detected as a trace product, and the amount eluted
with each injection was fairly constant.

Table 2 summarizes results of these rapid comparison
studies.

Smaller aliquots of CCl, with larger times between pulses
(second stage). After determination of which [MyOy]
MgO samples were most promising for CCl, destructive
adsorption, more demanding experiments were devised so
that more quantitative information would be accessible. In
these experiments 0.10 g of [MxOy]MgO was used with 1-ul
injections of CCl, and 6-min intervals. This procedure al-
lowed more time for CI7/O?~ solid state exchange to take
place in an attempt to maximize efficiency.

Figure 7 illustrates the results of these second stage stud-
ies and clearly shows that the iron, manganese, and espe-
cially vanadium are superior to the others. This remarkable
result with [VxOy]MgO was repeated with the same sample
and with another sample made from completely new start-
ing materials, and reproducibility was very good (Table 3).
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FIG. 6. Packing of quartz reaction tube.

Characterization of Solid Residues
after Reaction with CCl,

After reaction the solid residues were usually black and
exhibited much lower surface areas, usually 20-50 m?/g.
Powder XRD of samples after CCl, reaction showed strong
patterns for MgCl, and MgCl, - H,O with weak signals for
residual MgO (except for the ScyOy-coated and CryOy-
coated samples, for which less efficient conversion took
place and weaker MgCl; signals were found). For example,
[Mn,O,]MgO reacted almost completely (Fig. 8), whereas
uncoated MgO after reaction showed very weak MgCl,
signals with MgO signals remaining very strong. These re-
sults demonstrate clearly that most of the transition metal
oxide coatings were very effective in promoting ClI=/O%*"
exchange so that nearly all of the MgO was converted to
MgCl,. It seems conclusive that when only nanocrystalline
MgO is present, only the surface reacts with CCly, butin the
presence of a small amount of MOy nearly stoichiometric
reactions take place.

Morphological changes on the surface of the samples
were followed by atomic force microscopy. When efficient
reactions were encountered, striking changes in morpho-
logy occurred (as might be expected from the severe de-
grading of surface area). An example is shown in Fig. 9,
where [NiO]MgO before reaction and after reaction (50 ul

CCl,) is shown. The small particles before reaction quickly
converted to much larger, layered particles of NiCl,—

Conclusions

The presence of a small amount of M,Oy (except Sc,Oy)
greatly enhanced the capacity for destructive adsorption
of CCly. The effectiveness for promoting this reaction
followed the order V>Mn>Co>Fe>Zn>Ti>Cu>
Ni > Cr > none > Sc.

This conclusion was supported by quantitative determi-
nations of CO, formed, CCl, destroyed, and XRD of solids.

The [V205]MgO sample was superior and results were
highly reproducible. In experiments in which 90% of
the theoretical maximum of CCl, was passed over the
[V205]MgO sample, 90% was destroyed, or in other words
0.4 mol CCl, destroyed/mol MgO (theoretical maximum is
0.5).

1,3-Dichlorobenzene and Trichloroethene Destructive
Adsorption on [M0,]MgO, where M=V, Fe

Two of the best destructive adsorbents [V,0s5]AP-MgO
and [Fe,O3]AP-MgO were studied with two especially re-
calcitrant organochlorine compounds. The compounds cho-
sen were 1,3-dichlorobenzene (DCB), a hazardous product
from combustion of treated wood and plastics (10-12), and
trichloroethene (TCE), a widely used dry cleaning solvent.

In the case of DCB, benzene, carbon monoxide, and water
were detected as volatile products during the U-tube pulsed
reaction experiments. Graphite also seemed to be a prod-
uct since the adsorbents quickly became very dark in color.
A likely reaction stoichiometry is (reaction temperature =
425°C)

TABLE 2

Results of Destructive Adsorption of CCl, on 10 Transition Metal
Oxide-Coated MgO and Pure MgO Adsorbents

% of CCl,

decomposed (ratio Breakthrough Final peak area

Samples of mol/mol)? numbers ratio of CO,/CCl,
AP-MgO 13 (0.09) 0 1.0 x 1072
[Sc203]AP-MgO 5(0.03) 0 33 x 1072
[TiO]AP-MgO 40 (0.27) 3 6.1 x 1072
[V20s]AP-MgO 59 (0.39) 16 1.6 x 1072
[Cr,03]AP-MgO 14 (0.09) 0 1.9 x 1072
[MnO;]AP-MgO 52 (0.34) 13 3.4 x 1072
[Fe,03]AP-MgO 44 (0.29) 8 8.4 x 1072
[CoO]AP-MgO 49 (0.32) 8 5.6 x 1072
[Nio]AP-MgO 28 (0.19) 4 8.4 x 1072
[CuO]AP-MgO 36 (0.24) 5 7.9 x 1072
[ZnO]AP-MgO 42 (0.28) 5 4.0 x 1072

2 Moles of CCl, decomposed per mole of MgO present x 100.
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TABLE 3

Reproducibility of CCl Destruction on Different [VxOy]MgO Samples (1-pl Injections of CCly
for Each Experiment with 6-min Intervals between Injections)

Final ratio of
Mol CCly Breakthrough CO,/CCly Number of
%CCl, destroyed destroyed/mol MgO® numbers (peak areas) injections
Sample 1 87 0.32 70 0.02 100
Sample 22 90 0.40 84 0.02 107
@ Prepared from new starting materials.

b Assuming 2MgO + CCl; — 2MgCl, + CO, balanced equation (ignoring the small amount of \/,Os present). There-
fore the maximum ratio to be expected would be 0.50 for a stoichiometric reaction.

The ratio of C02/CC1 4 peak areas

60 70 80 90 100
The number of injections

(1) MgO
(2) NiO/AP-MgO
(3) ZnO/AP-MgO

(4) F6303/AP-MgO
(5) MnO»/AP-MgO
(6) V2:05/AP-MgO

FIG.7. Comparisons of CCl, reaction efficiencies on five destructive adsorbents showing the best performance and compared with pure AP-MgO.
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FIG.8. The XRD spectrum of [Mn,Oy]JAP-MgO/CCl, as an example of peak patterns.

2CH4Cl, + 2MgO — CsHg + 2MgCl, + CO + 5C + H,O.
(3]

Table 4 summarizes some of the data collected. A direct
comparison with AP-MgO clearly showed that the presence
of V,0s5 or Fe,O3 was quite beneficial. Indeed, after break-
through DCB continued to be partially destructively ad-
sorbed even out to over 200 ul, showing that the reaction
could be driven essentially to completion, if a 1: 1 stoichio-
metric ratio of DCB: MgO is assumed.

Since the experiments were very long, AP-MgO and
[Fe2O3]AP-MgO were not carried out to 255 ul as was the
[V205]AP-MgO sample. However, it is clear that Fe,O3and
especially V,0s5 have a dramatic effect on improving effi-
ciency in this DCB chemistry.

Interestingly, this beneficial catalytic effect of V,Os and
Fe,O3 was not observed with trichloroethene (TCE). With
TCE, whichyielded CO, CO,, and H,O as volatile products,
and MgCl;, and C as solids, the reaction may proceed as

TABLE 4

Destructive Adsorption of Dichlorobenzene
on Selected Samples

AP-MgO [V205]MgO [Fe,O3]MgO
Number of 50 255 132
injections
Breakthrough 4 208 130
% DCB 62% of 50 uL  90% of 255 uL or ~ 100% of 130 uL
destroyed 0.8 mol DCB/
mol MgO

shown in Egs. [4] and [5]:
2C,HCI3 + 3MgO — CO; + H,0 + 3MgCl, +3C  [4]
or
— 2CO + H,0 + 3MgCl, + 2C. [5]

In the TCE system the effectiveness for destructive
adsorption was in the order AP-CaO > AP-MgO >
[Fe203]AP-MgO > [V205]AP-MgO, with breakthrough
numbers ranging only from 1 to 3, and percentage TCE
destroyed after 32 ul was injected of 28% for (AP-MgO),
16% for [Fe,O3]AP-MgO, and 10% for [V,05]AP-MgO.

Obviously, the catalytic effect of transition metal oxides
depends a great deal on the intimate mechanistic details
that are, of course, different for each different chlorocar-
bon under study. Since carbon deposition is a likely mode
of reactive site poisoning, it is interesting that CsH,4Cl, con-
version is not so affected. This suggests that the problem
with C,HCI; lies with the fine mechanistic details of the
carbon deposition step, or it may be that the initial C,HCl3—
transition metal oxide interaction is not favorable or is very
slow. More information is needed before further discussion
is warranted.

Dimethylmethylphosphonate Destructive Adsorption
on [MyOy]AP-MgO, where M = Fe

In earlier work it was reported that DMMP (13) was
destructively adsorbed on high surface MgO, and about two
surface MgO moieties were required to destroy one DMMP
molecule (6, 14). Equation [6] shows the surface chemistry
that takes place (14):
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FIG.9. (a) AFM image (1000 nm?) of [NiO]JAP-MgO sample surface. (b) AFM image (1000 nm?) of [NiO]JAP-MgO sample surface after reaction
with CCl,.
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FIG. 10. Destructive adsorption of DMMP with AP-MgO, [Fe,Os]
AP-MgO, CP-MgO, and [Fe,O3]CP-MgO, where 2 L of DMMP was in-
jected every 6 min.

(@)
Il MgO
CHO-P-CH —— [CHsO-P-CHaluc
OCHj3
[
DMMP HOCH + CH30OH + H,0O

[6]
Since this chemistry was surface limited, the higher sur-
face area MgO samples exhibited more capacity for DMMP
destruction, as expected.
Based on the success achieved with enhancement of
chlorocarbon decomposition on [MyOy]JAP-MgO, we also
looked at DMMP with [Fe,O3]MgO samples.
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Using the U-tube reactor GC system, a study was carried
out to determine the optimum temperature, 300, 400, or
500°C, and it was found that 500°C was best. Next, a series of
destructive adsorbents was compared; Fig. 10 summarizes
these findings. Plotted are microliters, where 2 uL was in-
jected every 6 min, vs moles of DMMP eluted. In this study
0.05g of MgO samples was used (1.25 x 10~>mol) and 70 uL
of DMMP in total was injected (about4.9 x 10~*mol). Since
two MgO moieties were necessary to destroy one DMMP
molecule, or 6.2 x 10~* (MgO), equivalents, 70 xL is nearly
the molar equivalent.

Note the remarkable result illustrated in Fig. 10. The
[Fe2O3]AP-MgO was vastly superior to the lower surface
area CP-MgO as well as [Fe,O3]CP-MgO, and significantly
better than AP-MgO without Fe,O3 as a shell material.
Clearly, Fe,Os is very beneficial in this process of DMMP
destructive adsorption, to the point that essentially a sto-
ichiometric (not just surface) reaction took place. Thus,
the Fe,O3 serves in some way to aid in exposing the inner
reaches of the tiny MgO nanocrystals in a manner similar
to the effect of Fe,O3 and other transition metal M,Oy shell
materials in chlorocarbon destructive adsorption.

The solid materials were analyzed by XRD before and
after reaction. Before DMMP reaction, all the samples
showed only reflections for MgO crystallites; no Fe,O3 was
detected. After reaction, peaks due to Mgz(POy);-5H,0
plus some remaining MgO were observed, with intensities
varying depending on the destructive adsorbent used.

In another experiment, after reaction the AP-MgO and
[Fe2O3]AP-MgO were heated under oxygen gas at 500°C
for 3 h, which resulted in the formation of crystallites
of Mg3(POgy),. Most of the MgO was converted to the
phosphate in the AP-MgO case, and essentially all in the
[Fe,O3]AP-MgO case.

Table 5 summarizes data concerning a series of exper-
iments employing destructive adsorbent samples preheat
treated in different ways (under vacuum or in a flow of

TABLE 5

Properties and Reaction Efficiencies of Destructive Adsorbents for Dimethylmethylphosphonate

Surface areas

XRD Crystallite

> -
(mlg) size (nm) Mol DMMP
Before After Before After Breakthrough decomposed/
Sample reaction reaction? reaction reaction number® mol MgO
AP-MgO 312 67 5 7 30 0.41
[Fe2O3]AP-MgO 252 27 5 7 58 0.50
CP-MgO 177 53 8 — 10 (6)¢ 0.23 (0.22)¢
[Fe,O3]CP-MgO 116 45 8 10 6(8) 0.30 (0.30)
CP-MgO(0O,)° 59 44 6 9 12 (6) 0.26 (0.20)
[Fe,O3]CP-MgO(0,)° 146 91 9 11 14 (8) 0.35 (0.26)

@ With 0.05-g sample and 70 L. DMMP (close to a 1:1 mol ratio).
 Number of uL. DMMP (2 L each injection) before breakthrough the bed.
¢ Dehydrated under a flow of O, instead of under vacuum.

d parenthetical numbers are for aged samples.
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FIG. 11.

oxygen) and fresh vs aged samples. These data indicate that
the dehydration step

Mg(OH), -2$ MgO + H,0 [7]

can be carried out under vacuum (best results) or under
an O, flow (results still acceptable). Aging of samples for
several weeks appeared to have a small detrimental effect
on subsequent reactivity toward DMMP.

Also note that the [Fe,O3]AP-MgO sample reacted es-
sentially quantitatively, considering that 2 mol MgO is nec-
essary to destroy 1 mol of DMMP, so that the best moles
of DMMP decomposed per mole of MgO ratios expected
would be 0.50.

Sulfur Dioxide Adsorption on [M,Oy]AP-CaO,
where M =Fe

Results with [Fe,O3]AP-CaO and related systems have
been reported earlier (2). A significant enhancementin SO,
adsorption and conversion to a mixture of CaSO3/CaSO./
CasS at 500°C was realized.

DISCUSSION

The presence of small amounts of certain transition metal
oxides has a remarkable catalytic effect on destructive ad-
sorption processes in which the inner base oxide is con-
sumed. The transition metals vanadium, manganese, and
iron are particularly effective.

The key to understanding this rather unusual process may
lie in the fact that the intermediate MX,, species (X = 0%,
Cl—, SO%~, POY~) may be mobile and that V, Mn, and Fe
have available multiple oxidation states that allow rapid
electron transfers during the catalytic process.

vCl, MgCl, V.0,
_—> _
Cl /0% surface
exchange migration
i CCl1,
oyeieC 450°
(=CO.)
MgCl,
P A
c1l-/0%"
exchange
V.0, vel,

llustration of how V,Os may catalyze CI~/O?~ exchange in CCl, destructive adsorption.

Considering the mobility concept further, Table 6 lists
the melting points of some of the possible intermediate
compounds. In particular, note the much lower melting
points of the transition metal chlorides vs MgCl,, CaCl,, or
the oxides. Therefore, at least for the chlorides it seems rea-
sonable that the transition metal chloride would be formed

TABLE 6

Melting Points of Possible Intermediate Species
(and Final Products) as an Indication of Mobility
at a Reaction Temperature of 500°C

Compound mp (°C)
VCl; d

VCl, —28
MnCl, 650
MnCI3 d
FeCl, 670-674 subl.
FeCl, 306 (d 315)
Fey(SOy)3 d 480
CaCl, 782
CaSO, 1450
CaO 2614
MgCl, 714
MgSO, d 1124
MgO 2852
Mgs(PO4); 1184
V,0s 690
VO, 1967
MnzO4 1564
Mn,03 1080 (loss of O)
MnO, 535 (loss of O)
Fe;03 1565
FeO 1369
Fes04 1594

Source. Handbook of Chemistry and Physics (D. R.
Lide, Ed.), 75th ed., CRC Press, Boca Raton, FL, 1994—
1995.
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as an intermediate, and due to its mobility at reaction tem-
perature could flow to defect or edge/corner sites on the
MgO(CaO) nanocrystal (15). Next, exchange of Cl~ with
O?~ could occur, and the sequence repeated, as illustrated
in Fig. 11. Note that CCl, is proposed to attack the V,Os,
producing VClx with CO; loss, the migration of VVCly to cor-
ner sites of the MgO nanocrystal, where CI=/O?~ exchange
takes, place regenerating the V,Os5 (or VO,). Then the se-
guence repeats itself (15).

Actually, the CI=/O?~ exchange step is not well under-
stood. It seems likely that the availability of multiple oxida-
tion states for the catalyst material would be beneficial; an il-
lustration for the vanadium systemis shown in Fig. 12. These
illustrations are only intended to help in visualizing what
may be happening. The individual steps are certainly notun-
derstood, nor is the initial CI=/O?~ exchange between CCl,
and the transition metal oxide, although some attempts
to illustrate this were reported recently for the CCl;-CaO

Mg O Mg O

Cl Cl
! I
cl v cl cl v cl
[l | | il |
O Mg O Mg O Mg O Mg O
Mg O Mg O Mg O Mg O Mg
(0] (0]
Il Il
Cll v Cll C‘l Y C‘l
|
o M{ cl Mg O Mg c1> Mg O
Mg O Mg O Mg O Mg O Mg
Q, fo) O  sSurface
\\V 7EN V// Migration
[
Ccl cl cl

| | |
O Mg CL Mg ClL Mg €1 Mg O
Mg O Mg

Mg O Mg O Mg O

FIG. 12. Proposed process by which VCI, exchanges CI-/O%".

system (without the presence of a transition metal oxide)
(4, 18).

A remarkable finding is that this type of catalysis was
found to function in several cases, namely with chloro-
carbon dehalogenation/oxidation, organophosphorus com-
pound adsorption/decomposition, and sulfur dioxide ad-
sorption/immobilization. It appears that this phenomenon
may be fairly widespread (although recall that it did not
occur with CHCI=CCI,).

Due to this catalytic phenomenon, coupled with the high
surface areas and reactive nature of nanoparticles in gen-
eral, itisnow possible to carry out essentially stoichiometric
solid—gas reactions at moderate temperatures. This should
open up new vistas in materials chemistry and catalysis.
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