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£TIR AND FTMMR STUDY OF ORGANOPHOSPHORUS SURFACE REACTIONS

Melvin P. Nadler, Robin A. Nissan, and Richard A. Hollins 3
hemistry Division, Research Tepartment

Naval Weapons Centar, China Lake, CA 93555--001

o ———

Fourier transform infrared (FTIR) and Fouriler transform nuclear magnetic
resonance (FTNMR) methods were used to examine the adsorption and reaction of
di{isopropyl fluorophosphate (DFP) on various solid adsorbeats. Static and
flow system experiments wera monitcred using FTIR to determine DFP adsorption

0o VR

. - o )
rates and isotherms on silica, conated silicas, ﬁjalumlna, coated aluminas, and

activated charcoal. The adsorption of DFP(3) onto the solid adsorbents was

generally very rapid, with a half-1life of 20 seconds for 1 mg DFP onco 25 mg i

ey

of 350 ﬁz/g silica. The DFP adsorption isotherm on silica indicated chemi-

sorption to a monolayer at P/P51<0.6, followed by increased coverage that

appears to be physical adsorption, Diffuse reflectance infrared Fourier

transform (DRIFT) spectroscopy, photoacoustic spectroscopy (PAS), and solid

state/iLP NMR of adsorbed DFP showed chemisorption on silica and on alumina.
. 7]

Bonding at the P=0 of DFP was indicated by a -41/cm™ shift in the Q(P=0) and

a 1 ppn upfield shift in the g}} resonance. DRIFT, PAS kinetics and 3lp R

14
showed that DFP hydrolyzed after the initial)l adsorption on alumina and some

coated materials but not on silica or activatied charcoal. The rate of

hydrolysis increased on alumina with addition Bf water and varied with dif-

ferent aluminas and coated silicas.
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INTRODUCTION

The decomposition of DFP and other toxic organophosphorus compounds by
hydrolysis or other methods is of Interest because of their severe environ-
mental and personnel hazards. Current disposal methods require the use of
toxic and/or corrosive materials and protection methods are only temporary.
Adsorption by activated charcoal does not chemically change the adsorbate,
making disposal difficult, and when the surface 1s saturated breakthrough
occurs, followed by loss of protection. An ideal cechnique would consist of
rapid removal from the environment and then catalytic decomposition of the

toxic organophosphorus compound.

Posner et al.! reported that y-alumina can accelerate the nydrolysis of
acyl aad phosphoryl fluorides in diethyl ether solution. Recent work at this
laboratory has shown that in water/t-butanol solution alumina and silica
supported species can increase the hydrolysis rate of DFP and p-nitrophenyl
diphenylphosphate (NPDPP).2 Kuiper et al.? investigated the hydrolysis of
gaseons lsopropylmethylphosphonofluoridate (IMPF) on y-alumina by infrared
(IR) transmittance. Templeton and Weinberg“ examined gaseous dimethylmethyl-
phosphate (DMMP) on alumina using inelastic tunneling spectroscopy. The
latter two studies give surface structures for adsorbed specles and possible
mechanisms for the hydrolysis, but no kinetic information. Another paper by

Kuiper et al.® uges a microcalorimetric method to obtain kinetic data on the

surface reaction of IMPF with y-alumina.

Our work will show that FTIR and FTNMR can give surface structure infor-

mation for DFP on silica, alumina, and coated silica and alumina using
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DRIFT, PAS, and 31p s01id state NMR.® DRIFT and PAS can also give kinetice
data on surface reactions. Adsorption isotherms and adsorption rates will
also be discussed using FTIR to monitor the DFP under static and flow

conditions.,

SPECTRAL ASSIGNMENTS FOR DFP

The IR and NMR spectra of DFP must be characterized and vibrational

assignments made before realisctic surface information can te obtained.

Infrared

Nicolet 7199 and 60SX FTIR spectrometers were used for the IR mcasure-
ments, and the neat DFP (obtained from Aldrich Chemical) spectra were coi-

lected at 1 ca!

resolution. Figure 1 shows the fingerprint region for both
gaseous and liquid DFP and Table I gives the vibrational frequencies and
assignments. Most of the vibrational assignments were made from previous work

on similar compounds3,7'1“

or from analysis of impurities in the DFP using

gas chromatography (GC), GC-FTIR, and NMR. Gas chromatography of DFP using an
XE-60 column on Anakrom Q showed three impurities. Isopropanol was observed
at 2 *0.5%, and two additional impurities of lower volatility than DF; at less
than 5% were observed. GC-FTIR showed both of the impurities to have IR spec-
tra similar to DFP(g), but the 869 cn~! band was tissing, the vw(P=0) were
shifted down tc about 1278 cm'l, and W (P)-0-C) was at 1011 ca~! for the lower

volatility impurity and 979 co~! for the other. The lower volatility impurity

is probably triisopropyl phosphate, and the other impurity is another alkyl
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phosphate. Since vw(P-F) for (CH30),FPO'* is at 860 cm™! and 3'P NMMR shows the
two impurities to be noufluorine containing compounds, the 8§69 ca~! band is

assigned to v(P-F).

Solution State NMR

NMR spectra were recorded on an NT-200 wide-bore spectrometer operating
at 81 MHz for >!P and at 200 MHz for H acquisiticn. Solution state 3lp spec-
tra were recorded in CDClj and referenced to an external sample of 85% H;PO,
at 0 ppm with chemical shifts upfield of the reference designated as nega-
tive. lH spectra were recorded in CDCl; and referenced to the residual CHClg

peak at 7.26 ppm.

The solution state 3lp NMR spectrum of DFP consists of a doublet centered
at -10.1 ppm with Jp_p = 960 Hz.!%,1® Two other resonances were observed
for as received DFP, at +6.0 and +9.8 ppm, that were assigned to impurities
having no P-F coupling. These lmpurities were estimated at less than 5% from
integration over the 3lp spectrum. The 14 wR spectra of fresh DFP showed the
existence of 2% 1lsopropanol. This was confirmed by addition of 1sopropanol to
the DFP. A 3lP NMR of a DFP residue (low volatility components have been con-
centrated) showed the expected DFP doublet, the +6.0 and +9.8 ppn res;nances,
and a new resonance centered at +1.0 ppm, which is tentatively assigned to

diisopropylphosphate.
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STATIC INFRARED CELL ADSORPTION STUDY

Experimental

A 10 cm IR cell with KBr windows and an extension for the solid adsorbent
was used to examine DFP adsorption rates. The solid adsorbent was weighed,
placed in the solid holder, then the IR cell was evacuated, and the stirrer
started before a saturated DFP/N, mixture was added from a bulb. DFP disap-
pearance was monitored using rapid scaan (3-5 scans/s) FTIR just before DFP
addition and during the initial stages of adsorption. Scans at longer time
intervals were taken for the remainder of the process. The 1028 cm™} (P)-0~C

stretch was used to monitor the DFP.

The time for DFP absorbance to reach a maximum was only one second after
DFP addition, with no s2lid adsorbent present. The solid adsorbents used were
not pretreated to simulate normal atmospheric conditions and the IR cell was

always pressurized to 1 atm of saturated DFP in N,.

Resu{gg

In general, the adsorption of gaseous DFP onto silica, activated char-
coal, and surface-modified silicas is very rapid, with a half-life of 20 sec-

onds for 1 mg DFP onto 25 mg of 350 mz/g silica (large pore-—5trem Chemicals,

Inc.). The DFP adsorption rate is a function of the particle size and weight
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while the capacity 1s a function of surface area and surface structure. Fig-
ure 2 shows DFP adsorptio~ rates and capacities for 5 mg of three different
surface area silicas. Note that the lower surface area silicas limit the
capacity of > adsorbed, but the rate of adsorption for the flamed silica
(very fine silica) 1s higher than that for the higher surface area silica
(350 mz/g). This is due to the smaller average particle size of the flamed
silica. Table 11 shows quantitative DFP adsorption capacities for different
silicas and Whetlerite activated charcoal valculated from limiting adsorption
tests, such as 52 wm?/g and flamed silica in 1’ig. 2. It should be noted that
the DFP adsorption is not proportional to the Brunauer, Emmett, and Teller
(B.E.T.) surface area and coated silicas have a lower capacity than uncoated
silicas (Table 11). The relative adsorption rates and capacities for three
different charcoals are shown in Fig. 3. Both the Whetlerite and Grant char-
coale are activated (i.e., porous), but the Grant charcoal had a much smaller
average particle size and showed a faster adsorption rate. The Sterling R is

a graphitized carbon black charcoal having no pores aud showed almost no DFP

adsorption.

Low capacity adsorption or slow adsorptions could not be measured
because of a slow adsorption/reaction of DFP with the glass surfaces of the IR
cell and/or the stopcock grease. This loss of DFP in an empty cell was only
5-10% for the first 1000 seconds and only had a minor effect on the faster
adsorption phenomena. The static cell gave qualitative comparisons of adsorp-
tion rates and approximate DFP capacities (near saturation), but a more quan-

titative method was required to measure adsorption isotherms, the effect of

added water, desorption products, and slower adsorption/reaction phenomena.




% . _
‘-,"'f'."-,‘f‘- b

LR

»

X

s U Ao

D

*
.

N

42

%@

~

o’ L

W TR TN Y W VRN TV Vi S W OO T 7 X TUN LT (V0 7 U D08 S I T L M TS T T O T B TY B N N T M i E M i m M = W n e~ e —w e e o o n -

FLOW SYSTEM STUDY

pme:rimental

The flow system shown in Fig. 4 was used to obtain a constant partial
pressure of DFP in N, for determining adsorption isotherms of different solid
adsorbents, with and without added water. FTIR was used to monitor the DFP
level, in real-time, by collecting spectra at 0.5 to 2 minute intervals,
processing and displaying each spectrum, and calculating the integrated
absorbance of the (P)-0-C stretch at 1028 cm~!. The data collection and
processing was performed using a MACRO, which is a subroutine written to do a
specific sequence of FTIR instructions. When the desired absorbance (i.e.,
P/Py) is reached, the DFP/N, flow is diverted through the solid adsorbent by
opening the two 3-way sclenoids (see Fig. 4). For greater time resolution,

the GC~-FTIR software was used to obtain spectra at <1 second iantervals.

Figure 5 shows an integrated absorbance versus time plot of the DFP
v((P)-0-C) obtalned from the spectral data using a kinetic analysis program
written in compiled BASIC. The DFP level takes about 10 minutes to reach a
constant absorbance and then at 15 minutes the DFP/N, flow is divertel into
the solid chamber containing 26 mg of 350 mz/g Strem silica. For this rin the
DFP was rapidly adsorbed and at about 23 minutes breakthrough occurredifol-
lowed by a slow return to the original DFP absorbance level. Calibration of
the DFP P/P, versus integrated absorbance of the 1028 co! v((P)-0-C) from
1070-985 cm~! gave a linear plot of slope 1/8.0 for P/P, greater than 0.05.

If the data in Fig. 5 1is replotted as A(max)-A versus time, then the area

under the curve from 14.8 to 51.3 minutes is proportional to the total DFP
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adsorbed by the adsotrbent. Using the vapor pressure of DFP at 20°C

(0.579 mm),l7 the following equation was used to calculate the total mg of

DFP adsorbed:

Total ag DFP adsorbed = ﬁéT_“.i IEZ A(1028) dt (1)
)

F = total flow rate of DFP/N, in cc/min
P = total pressure in mm
T = temperature (K)

onset of DFP adsorption (min)

"

ty
t, = end of DFP adsorption (min)

A(1028) integrated absorbance of DFP v((P)-0~-C)

NOTE: A(1028) _ P
—gg— = py for DFF .
1

;,
;

.

&

This technique allows adsorption isotherms to be obtained by varying the

A

P/Po-

The mg of DFP desorbed by N, can be determined at the end of an adsorp-
tion experiment by monitoring the DFP level when only N, is flowing through

the solid chember. A correction for wall desorption must be made at the same

G g CASLAE

P/P, to obtain DFP desorbed from the solid adsorbent.
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Results

Figure 6 shows the adsorption isotherm for DFP on Strem 350 mz/g silica.
The weight of DFP adsorbed quickly rises to a monolayer at about 0.22 (mg/mg
silica), followed by increased coverage (P/P, >0.6) that appears to be
physical adsorption. When water was added to the DFP/N, at the 44X relative
humidity level, the amount of DFP adsorbed was within experimental error of

falling on the dry adsorption isotherm (see Fig. 6).

Coated silicas were also examined and Fig. 7 shows the adsorption iso-
thein for DFP on a silica-bound ethylenediamine (SiEDA). The coated silicas

were prepared at this laboratory and details can be found in another publica-

2

tion, Figure 7 shows a possible monolayer coverage at low P/P,, but most

of the DFP coverage appears to be physical adsorption. Again, when water was
added at 46 and 93% relative humidity, only a slight increase in DFP adsorbed
was observed. This increase is within experimental error as shown by the
dotted isotherm in Fig. 7. A silica-bound diethylenetriamine (SiDETA) was
examined at 487% relative humidity and again is within experimental error of
falling on the dry SiEDA silica adsorption isotherm. The chemiadsorption of
DFP at lower P/P, 1s decreased by SiEDA coating (the coating uses active DFP
sites), but at higher P/P, the ph sical adsorption of DFP onto silica or
coated silica is only slightly changed. Apparently, the presence of water

does not effect the adsorption of DFP.

Figure 8 shows an exaumple of N, desorption of DFP from SiEDA silica,

untreated silica, and the flow system walls at P/P, = 0.7 $0.02. Calcula-

tions show that about 70% of the adsorbed DFP was removed from the SiEDA

e b




silica and only 15% from the untreated silica. Desorption experiments with

whetlerite activated charcoal showed that less than 15% of the DFP was

removed, indicating a strong physical adsorption.3

The flow system can also be used to monitor desorbed reaction products
during an adsorption run by collecting spectra with the GC-FTIR software. In

some adsorption experiments, isopropanol was observed (0-9 weipnt % of the

. 8 W e mm—-- -

total DFP adsorbed) when the DFP was at a minimum. Figure 9 shows three GC

reconstructions of the spectral data from an adsorption experiment of DFP onto

-

Woelm alumina. The 1070-985 cm~! reconstruct follows the v((P)-0~C) of DFP

LE_E

and shows that initially ail DFP 1s adsorbed by the alumina, followed by a

vt

slow increase after 9.2 min to the original level. No clear isopropanol band

could be found so a series of basis vectors for H-0, background, and DFP were
used to subtract from the Gram-Schmidt to follow isopropanol and Co, (from air
spike). Note that H,0 is first removed from the alumina followed by isopropa-
nol and then the DFP comes back slowly to the initial P/P, of the bubbler.

It was shown that isopropanol was an impurity in the DFP at about the 2% level
and since it is more volatile than DFP a larger fraction adsorbs onto the

solid with a shorter retention time. Successive DFP adsorption tests showed

TSR ANY Y TR .. . s 2" P TEE L. "

that isopropanol decreased and finally could not be observed. Water and CO,
were observed at <<1% from trapped air and/or the solid surface. In conclu-
sion no desorbed reaction products could be detected. The next section will

discuss FTIR and FTNMR methods that allow obcervation of surface species and

Y A h s A |

surface reactions and will aid in clarifying some of the static cell and flow

system results.
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SURFACE REACTIONS

I

Exgerimental

The static cell and flow system experiments only measure the change In

gas phase DFP concentration as the result of adsorption and/or reaction on the

surface of an adsorbent, but DKIFT and PAS permit examination of surface

Lt aF ol ap

Harrick (on 7199) and Barnes

species by interpretation of their IR spectra.

1

(on 60SX) diffuse reflectance cells were used to obtain FTIR spectra at 4 cm™

resolution of final adsorption/reaction products and an MTEC model 100 PA cell

(on 60SX) was used to obtain spectra at 8 ca~! resolution as a function of

time for DFP on various solid adsorbents. DRIFT could not be used for

kinetics due to DFP adsorption onto the transparent matrix of KBr, XCl, or

Si. However, DRIFT gives superior signal/noise and time resolution for

samples that would not adsorb or rcdistribute onto the traunsparent matrix.

The MTEC PA cell with the Nicolet 60SX gives good signal/noise with only

50-70 and total scan times of only ?5-60 seconds.

50-100 scans at VEL =

Samples were prepared either by adding 2-5 ulL of DFP(g) to 150 mg of the

solid adsorbent (with or without 2-4 LU H,0(%)) or using the flow system to

adsorb DFP(g) (+ H,0(g) 1n some cases) at a fixed P/Py. The samples were

glven at least 24 hours to react and then mixed with KBr to obtain the DRIFT

For PAS kinetic runs the samples were prepared

spectra of the final products.

with the flow system and immediately transferred into the PA cell. DFP addi-

tior had to be optimized to prevent any gaseous DFP from entering the PA cell

and yet obtaln maximum surface coverage (i.e., 40-60% of a monolayer).
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Solid state *lp \MR spectra were recorded on an NT-200WB spectrometer
operating at 81 MHz with magic angle spinning18 using a one pulse sequence
with the experimental pulse width corresponding to a 45 degree pulse., Spectra
were referenced to an external solution of 85% H,PO,. 1In general, to achieve

a reasonable signal to noilse, one thousand or more scans were rtequired.

DRIFT and PA Spectroscopy

Figure 10 shows DRIFT spectra of final (after 24 hours) DFP adsorption/
reaction species on Woelm alumina (top trace) and Strem silica (middle trace)
compared to a transmittance spectrum of 1liquid DFP. Table III gives the
vibrational frequencies of the adsorbed/reacted species on silica and
alumina. Comparing the DFP + Hy0 on silica with the liquid DFP frequencles in
Table 1 shows good agreement except for the v(P=0) at about 1257 co~! (shifted
=41 cm'l) and the v((P)-0-C) at 1026 em~! (shifted +5 cm'l). There are other
minor differences and some subtraction artifacts in the reglon of strong
silica bands. The strong negative peak at 3744 cm~! indicates ioss of free
s S{-OH or reaction with DFP. An increase in associated OH on the silica
surface is indfcated because of the strong broad band from about 3450~
3200 co~!. DFP must bond tc the surface at the oxygen of the P=0 because of
the -41 cn™! shift in the v(P=0) for the adsorbed species. This is in agree-
ment with Kuiper whu reported a =35 co™* shift for the w(P=0) of DFP and
comparable shifts in other phosphates when adsorbed onto alumina.’ The top
spectrum in Fig. 10 shows some major changes in the spectrum of the adsorbed/

reacted species of DFP + H,0 on alumina
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(a) a strong broad band centered about 1140 cm‘l, (assigned to v(Al—F),3

(b) no observable vw(P=0), o

/ .
(¢) a new band at 1082 cm™! (assigned to vs(P\ 1)3:* and also

0] 0
/
1180 cm~! ({assigned to vy(P 1)3:* has increased in intensity compared to
\ al \/

0
isopropyl vibrations,

{d) vw((P)-0-C) has shifted -10 cm~!.

The above IR frequency changes observed for DFP on alumina are consistent
with those observed by Kuiper3 for IMPF on alumina and by Templeton“ for DMMP
on alumina. Assuming the same hydrolysis mechanism postulated by Kuiper3 and
Templecon“ our IR results and the 3P MR results showing loss of P-F bonds
(see next section) indicate the following hydrolysis product for DFP on

alumina

IPO O1P

\ /
/'\
o o

+ +
-Al-0-Al-

PAS was used to monltor the kinetics of the adsorption/reaction process
on various solid adsorbents, since the samples could be run neat and no inter-
fering transparent diluent (i.e., KBr, KC1l, or Si) was required as in DRIFT.
Figure 11 shows gpectra at 8 - 123 minutes for the reaction of DFP on Alcoa
CS3350 alumina. The PA spectra were taken at 8 cn™} resolution, 100 scans,

VEL = 50 (Nicolet 60SX) and ratioed to a carbon background, then the PA spect-~

rum of the Alcoa alumina was subtracted. The early spectrum at 8 minutes
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(NOTE: This 1is initial scan since adsorption process required 8 minutes.)
shows adsorbed DFP, with the u(P=0) at 1270 cm~! and the v((P}-0-C) at

1032 cm‘l, as well as, other adsorbed DFP vibrations shown in Table III. Note
the weak band at about 1000 cm“l, which is the start of reacted or hydrolyzed
v((P)-0-C) as can be seen in the final spectrum at 123 minutes. The final

spectrum also shows no v(P-0) or vbservable v(P=F).

The hydrolysis rates are shown in Figure 12 by following the norwalized
integrated absorbance of v(P=0) adsorbed at 1270 ca~! referenced to the 3(CH3)
versus time for two types of porous Alcoa alumina. The adsorbed v((P)-0-C) at
1032 ca~! gives the same rate of decrease as the v(P=0) and the growth of
hydrolysis product can be followed by using either v((P)-C-C) at 999 co™! or
vg(PO,) at 1082 cm'l, but the vw(P-F) at about 8§70 cm~}! 1s too weak and in an
area of poor signal/noise (See next section of 31 NMR for findication of P-F
bond cleavage.). Both alumina samples were dried 1n a vacuum oven overnight
at 110°C and then exposed to air at about 30% relative humidity before conduc-
ting the hydrolysis reactions. Note the time for complete hydrolysis of LFP
on Alcoa CSS350 alumina is only 38 minutes (tl/z ~13 min) and almost 150
minutes (ty/, -25 min) on Alcoa F200 alumina (Fig. 12). DFP has a
250 minute half-1life on Woelm alumina which only has a B.E.T. surface area of
100 mz/g compared to 600 m2/g for the two Alcoa aluminas. If the alumina is
saturated with water vapor prior to DFP addition, the rate of hydrolysis
iacreases by about a factor of two (NOTE: This gives a t)/, of ~5 min for

CS3350 alumina.).

DFP hydrolysis was also examined on coated silicas (Strem--350 mz/g) and

aluminas (Alcoa CSS350--600 mz/g) since previous work at this laboratory
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showed that certain coated silicas increased the hydrolysis rate in water.
Photoacoustic kinetics showed that gaseous DFF hydrolyzed on three coated
silicas (SiEDA, SiDELA, and octadecyldimethyl[3-trimethoxysilyl)propyl}-
ammonium chloride (SiQOCT) that were saturated with H,0(g). However, the rate
was quite slow, S1iQOCT gave a DFP half-life of about 600 minutes by following
the decrease in the adsorbed v((P)-0-C) at 1032 cm™!., Addition of liquid DFP
to water saturated coated silicas gave ambiguous results due to the difficulty
in completely distributing the DFP({) onto the surface by mixing. In most
cases hydrolysis occurred at a slower rate than gaseous addition (t,/,

1200 min on SiQOCT) due to the slower adsorption and distribution of the

DFP. Hydrolysis of DFP on coated aluminas occurred at a slower rate than on

uncoated alumina due to a decrease in active sites.

Solid State 3!p MR

The substantial coupling constant (Jp-p = 960 Hz) observed in the solu-
tion state >lp spectrum offers us a unique method for monitoring phosphorus-
fluorine bond cleavage on solid adsorbents and supported catalyst systems.
Fig. 13 shows the 3p spectrum of DFP on a silica surface. The 3lp resonance
is centered at -11.5 ppm and the coupling constant Jp_p = 960 Hz. This 1s ]
very similar to th2 solution state spectrum of DFP in CDClj;, except for the
broadness of the resonance (a consequence of solild state interaction55 and
a l ppm upfield shift. A silica sample, where treatment of the solid phase
with water preceded addition of DFP, ylelded an ideatical 31p spectrum with no

[ 4
evidence for P-F bond cleavage (i.e., no DFP hydrolysis after 48 hours).
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ﬂu Various other solid adsorbents were tested with respect to their tendency
&

Bl to facilitate the hydrolysis of DFP. These macerials included SiEDA, SiDETA,
Bt SiQ0CT, alumina, and Whetlerite charcoal. Two typical solid state 3lp MR
3{'

S spectra illustrating the results obtained when hyarolysis occurs ave shown in
39

S Fig. 1l4.

.

N

.-.‘

D It is clear that DFP on SiDETA, SiEDA, or alumina undergoes hydroliysis
S

;C within 24 hours. There is no evidence for any phosphorus compounds bearing a
ey directly bound fluorine in these materials (see Figure 1l4b). However, given
.‘\

N the relatively low signal to noise ratio in these spectra, we can only be

e 3

_~: confident in asserti.g that less than 10% of the fluorinated phosphate remains
A after 24 hours of reaction on these two surfaces. Addition of water to these
AN

':é three supports prior to adsorption of DFP had no influence on the outcome of
f% the reactions after 24 hours. We observed one broad (~1000 Hz wide at half

; 1 height) resonance centered at =-1 ppm for each of these materials whether in
ol

the presence or absence of added water. The material SiQOCT was one example

.

l"\
]

where lantermediate stages of DFP hydrolysis could be observed in the solid
state J!p NMR spectra. In the absence of added water, resonances expected for
adsorbed DFP and a shoulder on the downfield side of the DFP were observed

(Flgure 14a). The shoulder appears near -1 ppm and almost certainly repre-

Aoesnes | %

G

sents some degree of P-F hydrolysis reaction. This 1s a reasonable observa-

) s

e tion since it was noted in the PAS studies that the hali-life for DFP hydroly-
L™

:5; gls on S1QOCT is 20 hours. The 31p gol1d state MMR spectrum of DFP on S1QOCT
0. -
el with added water helps to verify this conclusion. Addition of water to this
 5 system leads to complete hydrolysis within 48 hours (Figure l4b). 1In this

s

af case, the observed resonance is centered at +2 ppm, but once again, there was
@

Y

o

o

;" 1 6 .
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no evidence for any remaining fluorophosphate type compounds. Finally, we
examined the solid state 3!P NMR of DFP on Whetlerite charcoal. The resonance
cbserved was quite broad and centered at -15 ppm, however, the Jp_p coupling
was still apparent (see Fig. 15). Addition of water led to further broadening
of the resonance, but no evidence for P-F hydrolysis could be obtained. The
upfield shift of this phosphorus resonance was attributed to a strong inter-
action between the DFP and the surface, Peak broadening can be attributed to
the presence of paramagnetic metal ions used in the preparation of Whetlerite

charcoal.

il SRS SRS, | Cem S L TAGRAAES  ASSEARCD dse

CONCLUSTIONS

of ¥ £ v 2
2 sl g

FTIR and FTNMR are shown to be useful for examination of DFP adsorption
and surface reactions on silica, coated silica, alumina, and activated char-
coal. Adsorption rates can be followed using rapid scan FTIR and adsorption
isotherms determined by quantitative IR measurements of DFP adsorbed in a flow
system. Desorption products can also be monitored using GC-FTIR software.
Surface specles are examined using DRIFTS and solid state 3lp NMgr. Finally
surface reactions can he followed (without a diluting matrix) using a sensi-
tive photoacoustic cell combined with the ability of the FTIR to obtain good

signal/noise PA spectra at 8 em~! resolution in 25-60 seconds. -

R 45 Ry SRR ek

Heterogeneous reactions can be divided into five srages:

A

(1) Diffusion of reactants to the surface,

»

(2) Adsorption on the surface,

(3) Chemical reaction at the surface,




(4) Desorption from thc¢ surface, and

(5) Diffusion of products away from the surface.

Y ta® o VRS P P e YT )

For gaseous reactants, diffusion to and from the surface is rapid (stage
(1) and (5)], but for liquids the rate may be diffusion-controlled. Some of
the discrepancies between solutionl or slurry2 results and gas-solid studies

may be due to differences in the diffusion rate.

The adsorption rate of gaseous DFP (stage 2) onto solid adsorbents 1is
faster than the surface reaction (stage 3) as long as there is an excess of
total surface area available for DFP adsorption to a wonolayer and the par-
ticle size is small (<100 u). The surface hydrolysis of DFP on water treated

Alcoa CSS350 alumina has a half-life of only 5 minutes, which is still

"COCKATSN VLT e s™ )

slower than the adsorption time of about 20 seconds for a 0.5 DFP monolayer.

For most of the other solids tested, the adsorption rat. was me~: -an an
order of magnitude faster than the surface reaction. The prese ¢ adsorbed
water had Little affect on the DFP adsorption 1lsotherms, therefore DFP adsorbs
at different sites. Kuiper3 also showed that pretreatment of alumina in vacuo
at 900°C did nct affect the adsorption of IMPF. However, the surface reaction
of DFP was greatly affected by pretreatment with water, for Alcoa CSS350

alumina the hydrolysis rate increased by about a factor of two compared to

untreated alumina.

DFP does not hydrolyze on silica or activated charcoal but does

o P=0; IR and NMR show the DFP molecules rewmain unchanged. Certaln coated

“strongly” adsorb. The adsorbed DFP bonds to the surface at the oxygen of the

silicas, such as, SiEDA, Si1DETA, and SiQOCT2 hydrolyzed DFP at a slow rate
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(600-1200 minute half-lives) with water pretreatment. Coated alumina hydro-~
lyzed DFP slower than uncoated alumina, indicating that the coating only used

up active sites and did not aid in the reaction.

Kuiper's explanation that a "basic” surface promotes hydrolysis3 agrees
with our results since alumina has more active basic sites than silicalg and

the active coatings used have basic sites.?

Kuiper also shows that for
vy-alumina 110 face, the Al-Al distance is the exact spacing for the oxygens of
the POO group of the hydrolyzed IMPF.3 Therefore, adsorbed DFP on 2lumina can
readily lose HF by reaction with a surface -OH forming the POO group on the

surface, however, on a silica surface the Si-Si distance makes this step

unlikely and the adsorbed DFP remains.
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TABLE I. Vibrational Frequencies (em~!) for DFP.
Gas Liquiu Assignment
2991 2986 v 2(CHy )
2952 2940 v ¢(CHy)
2887 2881 v (CH)
1473 1469 1
1457 1457(sh) (§alCHy)
1389 1389
_—— 1380 }GS(Cﬂg)
-——-= 1358(vw) § (CH)
1333(sh) 1304(sh) -—
1313(m) 1298(m) v (P=0)
-— 1264(sh) impurity band
1182 1181 CHywag isopropyl
1144 1145 v (Cc-C-C) group
1115 1108 v (0-C) vibrutions
1028(vs) 1021(vs) v((P)-0-C)
-—- 939(vw) -—-
913 901 CH3 rock
869 861 v (P-F)
786(vw) 780(w)
757(w) 748(w) } v (P-0-(C))
- 720(vw) -
559 551 P-0-C bends or 511
511 511 j may be P-F bend
435 426 —-———




TABLE II. Amount of DFP Adsorbed Using Static Cell.

(Initial P/P, = 1.0)

Solid Adsorbent ng DFP/mg solid

Silica (very fine-flame) 0.19 i
Silica (52 m%/g)* 0.15

Silica (350 m?/g)* 0.22

Silica coated with SiQOCTt 0.13

Whetlerite activated charcoal (1000 m2/g)* 0.50

* B.E.T., surface area.

t 350 mz/g coated " *h octadecyldimethyl[3-trimethoxysilyl)- b

propyl)ammoniun chloride.?




TABLE III. Vibrational Frequencies (cm'l) of Final Adsorption/Reaction
Species of DFP on Strem Silica and Woelm Alumina.

Silica Assignment Alumirva
2987 2982

2942 2937
2881 2882

1467 1469

1457 1454

1391 1388

1382 1377
1357(vw) —_—

1279 Subtraction artifact from a silica -—=

band
1257(sh) v(P=0) ———
1180(w) 1210
vg(PO,) 1180(m)
1139(w) v(Al-F) =1140(br) 1143(vw)
1109(vw)
va(P0,) 1082(m)

1103(w)

1026 v((P)-0-C) 1011 -
950(sh)

917 due to subtraction of siliza band

900(sh) CH,y rock

874 v(P-F) appears at higher frequency due

to oversubtraction of silica band

790

750

737

565 poor S/N below
529 900 cm~! due to
500 strong Al,0; band

B TR 20 S R ™ " e N S B NN WS, fRr ® A B 3
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FIGURE CAPTIONS

20

10.

Gaseous and Liquid DFP IR Spectra.

DFP Adsorption on Three Different Surface Area Silicas.

DFP Adsorption Rate on Three Different Charcoals.

DFP/N, Flow System.

Absorbance (1028 cm™!) Versus Time Plot at P/Py = 0.67 DFP on 350 m%/g

Strem Silica.

Adsorption Isotherm (24 *2°C) for DFP on 350 mz/g Strem Silica.

Adsorption Isotherm (24 *2°C) for DFP and DFP + H,0 on SiEDA Silica.

N, Desorption of DFP From Silica, SiEDA Silica, and Walls.

GC Reconstruction of DFP Adsorption onto Woelm Alumina Showing DFP, H,0,

C0,, and IPA Retention.

DRIFT Spectra of DFP + H,0 on Strem Silica and Woelm Alumina Compared to

Liquid DFP Spectrum.
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11. P4 Spectra of Initial (a) and Final (b) Species From DFP(g) + Alcoa

CS$S350 Alumina Reaction.

12. Hydrolysis Rate of DFP(g) on CSS350 and F200 Alcoa Alumina,

13. Solid State 3!P MMR of DFP(Z) on Silica.

14, Solid State *'P ¥MR of (a) DFP(%) on SiQOCT and (b) DFP + H,0 on S1QOCT.

15. Solid State 3!P NMR of DFP( %) on Whetlerite Activated Charcoal.
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