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Desor ption kinetics of H,O from Cab-O-Sil-M-7D
and Hi-Sil-233 silica particles

L. N. Dinh, M. Balooch, J. D. LeMay

Chemistry and Materials Science

Lawrence Livermore National Laboratory, Livermore, CA

ABSTRACT

Temperature programmed desorption (TPD) was performed at temperatures up to 850K on Cab-
O-Sil-M-7D and Hi-Sil-233 silica particles. Physisorbed water molecules on both types of silica had
activation energies in the range of 9-14.5 kcal/mol. However, the activation energies of desorption for
chemisorbed water varied from ~ 19 kcal/mol to > 59 kcal/mol for Cab-O-Sil-M-7D, and ~ 23-37
kcal/mol for Hi-Sil-233. Our results suggest that physisorbed water can be effectively pumped away at
room temperature (or preferably at 320 K) in amatter of hours. Chemisorbed water with high activation
energies of desorption (>30 kcal/mol) will not escape the silica surfaces in 100 years even at 320 K, while
asignificant amount of the chemisorbed water with medium activation energies (19-26 kcal/mol) will
leave the silica surfaces in that time span. Most of the chemisorbed water with activation energies < 30
kcal/mol can be pumped away in a matter of days in a good vacuum environment at 500 K. We had
previously measured about 0.1-0.4 wt. % of water in M9787 polysiloxane formulations containing ~ 21%
Cab-0O-Sil-M-7D and ~ 4% Hi-Sil-233. Comparing present results with these formulations, we conclude
that absorbed H,O and Si-OH bonds on the silica surfaces are the major contributors to water outgassing

from M97 series silicones.



. INTRODUCTION

The M97 series silicone is composed of polysiloxane gumstock (67.6 wt. %), fumed
silicafiller Cab-O-Sil M-7D (21.6 wt. %), precipitated silicafiller Hi-Sil 233 (4 wt. %),
and processing aid, chemically an ethoxy endblocked polysiloxane (6.8 wt. %). Silica
occupies ~ 25.6 wt. % in these silicones, and silica surfaces are well known to have a good
affinity for water adsorption. Absorbed water may play an important role on the bonding
between SO, particles and the silicone matrix. The outgassing of water may change the
nature of the silica/silicone bonding, even possibly the mechanical behavior of the
materials. 1t may aso present a compatibility issue in scaled systems containing M97 type
silicones. In aprevious report,* we have presented data on water desorption from M9787
and M9750 (~ 50 % porosity) silicones up to 500K. In order to clearly understand the
mechanism through which water is incorporated into the silicone structures and to
effectively control the water content in them, we have carried out experiments on the
desorption of water from Cab-O-SiI-M-7D and Hi-Sil-233 silica particles separately and

up to 850K.

. EXPERIMENTS

Small amounts (0.002-0.008 g) of prre-weighted Cab-O-Sil-M-7D or Hi-Sil-233 silica
powders were enveloped in a Pt foil with adimension of 1 cm x 1 cm. The side of the

envelope facing the mass- spectrometer was perforated with many holes over the entire

surface. The loaded foil was held fixed to a sample holder by ways of three mechanical



clamps and transferred into an ultrahigh vacuum (UHV) chamber with a base pressure of
10° Pa (4 x 10" Pain the detector chamber) through a differentially pumped load lock. A
type K thermocouple was inserted in between the Pt envel ope surface and a clamp holding
the envelope for temperature measurement. The samples were heated from the back sides
by passing currents through a Tungsten coil located 2 mm behind the samples. The
detector chamber is equipped with a quadrupole mass spectrometer (QMS) and has been

described in detail elsewhere.

1. ANALYSISTECHNIQUES

An approach to the extraction of the kinetic parameters from a TPD spectrum involves

the plot of In(-do/dt) vs. /T at the onset of the desorption, where s isthe surface

coverage, T isthe desorption temperature, and t is the desorption time. This approach has
been reviewed and employed for the analysis of water desorption from M97 series
silicones.* In this report we will also apply the variable linear ramp and iterative regression
analysis techniques to extract the activation energies and pre-exponential factors of water
from Cab-O-Sil-M-7D and Hi-Sil-233 silica particles. A discussion on the relative ease of
use and accuracy among the three techniques will also be presented.

Variablelinear ramp technique:

The rate of desorption from unit surface into vacuum can be written as.

-(fj—stzus”exp(- E,/RT) Q)



where n is the order of the desorption reaction, ¢ isratio of surface concentration at timet
over theinitial surface concentration or surface coverage (dimensionless and varying from
1to 0), u isthe pre-exponentia factor (%), Eq is the activation energy of desorption
(J¥mol), R is the gas constant (8.314 JK™*.mol™), and T is desorption temperature in K.

In the variable linear ramp technique:
T=T,+bt 2

At peak desorption temperature T,,, and for first-order kinetics (n=1):
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Equation (4) yields:
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In(=)=- =% +In(— 5
n(sz) RT, n(Ed) )

Therefore, the activation energy of desorption E4 and the pre-exponential factor u of the
first H,O desorption peak in each silica TPD spectrum (which is usually associated with
physisorbed water with n = 1) can be obtained from the slope of the plot of In(b/T,%) vs.
1/T, and its intercept, respectively. Note that due to the presence of the In(b/T,%) term in
equation (5), an accurate extraction of kinetic parameters requires large differencesin the
ramp rates. With some approximations, equation (5) has also been shown to be valid for n
1172

| terative regr ession analysis technique:




With alinear heating ramp described in equation (2), equation (1) can be rewritten as.

ds wu
-—==s"exp(- E,/RT 6
T b p(- Eq ) (6)

By integration, equation (6) becomes:

-320 = =%Zexp(- Eoar U
or

) u gt E e
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and
S =s  exp(- %ZUT exp(- If—F&)dT) forn=1 (8b)

K. H. Van Heek and H. Juntgen? have shown that the integral in (8a) and (8b) can be well
approximated by:

2
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d

Substitute s, = 1 and equation (9) into (8a) and (8b), equation (6) becomes:
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With the aid of an iterative regression analysis computer program, equations (10a) and/or

(10b) can be used to fit the experimental TPD spectrato obtain u and Eg.



A comparison among the analysis techniques:

The main advantage of the variable linear ramp technique isthat it is based on an
ensemble of TPD spectra spanning a large range of 3, hence it suffersless from sample to

sample variation. However, this technique is time consuming and technically demanding
because it requires the collection of many TPD spectra with large differences in ramping
rate. The main advantage of the computer aided iterative regression analysis technique
over the variable linear ramp method is that kinetic parameters can be easily obtained from
asingle TPD run. The main advantage of the computer aided iterative regression analysis
technique over the technique based on the Arrhenius plots of In(-do/dt) vs. /T isthat the
iterative regression analysis technique is much less sensitive to errors in background

subtraction. E4 and u obtained from the Arrhenius plot of In(-do/dt) vs. 1/T can have

large errors if the Slope of the Arrhenius plot is not constructed at the early onset of the
desorption process where a small error in background subtraction may result in substantial
errors.® Another unique advantage of the iterative regression analysis technique is that the
whole desorption curve (not just the early onset or peak-desorption temperatures) is

actually used in the analysis resulting in more accurate kinetic parameters.

IV.RESULTS & DISCUSSION

Fig. 1 shows typical water TPD spectra of Cab-O-Sil-M-7D at aramping rate of 0.44
K/s(a) and 1.64 K/s (b), and of Hi-Sil-233 at a ramping rate of 0.36 K/s (c) and 3.3 K/s
(d).** Each spectrum can be seen to consist of one desorption peak at temperature below

400 K and broader convoluted desorption peaks at higher temperatures. These peaks are



associated with physisorbed and chemisorbed water from silica surfaces.®’ Note that,
except for an observed shift of the desorption peaks to higher temperatures, the general
features of the TPD spectra do not change with increases in the ramp rate from 0.3 to 3.3
K/s. In agreement with many recent reports on water desorption from silica, we associate
the lowest desorption peaks in each spectra to physisorbed water.®” Aswill be shown
later, physisorbed water can be effectively pumped out in a vacuum environment at room
temperature while chemisorbed water cannot. This explains why the ratios of the
desorption-peaks at temperatures below 450 K to the desorption-peaks at higher
temperatures vary from sample to sample depending on the pumping time prior to TPD
experiment as seen in Fig. 1.

The plots of In(b/sz) vs. 1T, for the first TPD peaks of Cab-O-SiI-M-7D and Hi-Sil-
233 areshown in Fig. 2 (a) and (b). The ramp rate was varied between 0.36 K/s and
10K/s for Cab-O-Sil-M-7D and between 0.36 K/s and 8.8 K/s for Hi-Sil-233. The
activation energies and pre-exponentia factors obtained from the plots are from 9to 12
kcal/mol and from 2 x 10°to 7.3 x 10° s* for Cab-O-Sil-M-7D (mean values: 10.5
kcal/mol and 4.5 10*s*)and from 9.5 to 14.5 kcal/mol and from 1.1 x 10° to 1.6 x 10°
s for Hi-Sil-233 ( mean values: 12 kcal/mol and 6.0 10° s%).2 It is noted, here, that
because the rate constant (n.exp[-E4«/RT]) depends on Eg4 exponentially and on n linearly, a
small variation in E4 corresponds to a much larger change in n for the same rate constant.
The plots of In(b/T,?) vs. 1/T,, for the second (broad) TPD peaks of Cab-O-Sil-M-7D and
Hi-Sil-233 are shown in Fig. 2 (c) and (d). Due to the limitation of our heater in
maintaining high ramp rates at high temperatures, the ramp rates used in constructing Fig.

2 (c) and (d) was only from 0.36 K/sto 1.64 K/s for Cab-O-Sil-M-7D and 0.36 K/sto 3.3
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K/sfor Hi-Sil-233. The activation energies and pre-exponentia factors for these broad
second TPD peaks are from 14.8 to 20.4 kcal/mol and from 2 x 10*to 4.1 x 10° s* for
Cab-O-Sil-M-7D (mean values: 17.6 kcal/mol and 2.9 10° s and from 19.6 to 28.9
kcal/mol and from 3.0 x 10° to 8.7 x 10® s* for Hi-Sil-233 ( mean values: 24.2 kcal/mol
and 1.6~ 10" s%).® Note that the water signals from Cab-O-Sil-M-7D remain high and flat
beyond the second TPD peak and that the second TPD peaks of Hi-Sil-233 are very broad
(Fig. 1). Hence, the kinetic parameters obtained from the variable linear ramp technique
serve only as rough estimates for the broad second desorption peak of Hi-Sil-233 and as
lower limits for the flat extended portion of the desorption spectra of Cab-O-Sil-M-7D.
Later on, we will deconvolve these broad and/or extended desorption peaks into distinct
desorption curves using the technique of iterative regression analysis to obtain more
detailed information on the kinetic parameters associated with these peaks.

Fig. 3 shows the Arrhenius plots of In(-do/dt) vs. 1/T at the onset of the TPD spectra
of the Cab-O-Sil-M-7D sample with aramp rate of 0.44 K/s and of the Hi-Sil-233 sample
with aramp rate of 3.3 K/s. Analogous plots were obtained for the Cab-O-Sil-M-7D
sample with aramp rate of 1.64 K/s and of the Hi-Sil-233 sample with a ramp rate of 0.36
K/s. The activation energies of desorption and pre-exponential factors can be obtained

from the slope and the intercept of such plots." Obtained values of E4 and v are tabul ated

intablel.



First desorption-peak of Cab-O-

First desorption-peak of Hi-Sil-

Sil-M-7D samples 233 samples
b (K/9) 0.44 1.64 0.36 3.3
Eq (kcal/mol) 12+1.3 9.2+03 115+ 1.0 15+ 0.8
u (sh 6.7 10°s'to | 1.1° 10°s'to | 257 10*s'to | 2.6~ 10" s'to
36" 10's?t 347 10°s? 58" 10°s? 43" 10°s?

Tablel: Kinetic parameters of the first desorption-peaks of Cab-O-Sil-M-7D and Hi-Sil-

233 as obtained from the plots of In(-do/dt) vs. /T2

The values of Eq and u listed in this table agree with those obtained by the linear

variable ramp technique. However, there are 25 % differencesin values of Eq from within

the two Cab-O-Sil-M-7D samples and the two Hi-Sil-233 samples. Thisis most probably

due to the sengitivity of the slopes and intercepts of the plots of In(-do/dt) vs. L/T at the

early onset of the desorption process on small errors in background subtraction.® In order

to extract the kinetic parameters of the broader desorption peaks at higher temperatures

by this technique, a deconvolution is needed. So, the iterative regession analysis technique




has an added advantage over the technique based on the Arrhenius plot of In(-do/dt) vs.

/T and the linear variable ramp technique, since one can simultaneoudly obtain E4 and n
while deconvolving the peaks.

Since the TPD spectra presented in Fig. 1 are typical of desorption processesin Cab-
O-SiI-M-7D and Hi-sil-233 at different ramp rates, it is, therefore, sufficient to derive the
kinetic parameters of Cab-O-Sil-M-7D and Hi-Sil-233 by the technique of iterative
regression analysis from the TPD spectra that span the broadest temperature range
possible. Based on this criterion, we chose to analyze the Cab-O-Sil-M-7D sample with a
ramp rate of 0.44 K/s and the Hi-Sil-233 sample with aramp rate of 3.3 K/s presented in
Fig. 1 (a) and (d). Fig. 4 exhibits the deconvolution of the TPD spectra of the Cab-O-Sil-
M-7D sample with aramp rate of 0.44 K/s and the Hi-Sil-233 sample with a ramp rate of
3.3 K/sinto many separate desorption curves using the technique of iterative regression
analysis. For acomparison with the above two techniques, values of E; and v
corresponding to the first water TPD peaks are from 10 to 13 kcal/mol and from 5.3~ 10
t0 6.7 10°s™ for Cab-O-Sil-M-7D (mean vaues: 11.5 kcal/mol and 6.2 10° s*) and
from 9.5 to 11.5 kcal/mol and from 3.6~ 10* to 3.0 x 10° s* for Hi-Sil-233 (mean values:
10.5 keal/mol and 1.4~ 10° s%).8

Overadll, values of Eq and n for the first TPD peaks of Cab-O-Sil-M-7D and Hi-Sil-233
obtained from the iterative regression analysis technique are consistent with those obtained
from the other two techniques. However, the agreement is much better between the
iterative regression analysis and the variable linear ramp techniques than between the

technique based on the plots of In(-do/dt) vs. 1/T at the onset of the desorption and either
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of the other techniques. But considering our limitation in extending the variable linear
ramp technique to broader desorption peaks at high temperatures as mentioned above,
iterative regression analysis is our technique of choice to extract detailed kinetic
parameters from all TPD peaks.

Kinetic parameters of water desor ption from Cab-O-SiI-M-7D and Hi-Sil-233:

The vaues of E4 and v for the different desorption curves for Cab-O-Sil-M-7D and Hi-

Sil-233 are presented in the following tables |1 and I11.
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Curvel

Curvell

Curvelll

CurvelV

CurveV

Curve VI

n

Eq
(kcal/mal)

-variable

linear ramp-

9-12

14.8-20.4
(assuming sharp peak)

Eq
(kcal/mal)
-iterative
regression

analysis-

10.0-13.0

11.1-14.3

18.5-21.5

24.0-26.8

31.3-36.7

51.2-59.1

n

(sh

-variable

linear ramp-

2.0°
10°- 7.3
“10°

20" 10*4.1" 10°

(assuming sharp peak)

n
(s
-iterative
regression

analysis-

327
10%- 3.2
©10°

1.1° 10°*
29" 10*

3.1° 10°-
3.7 10°

3.2° 10°-
94" 10°

1.0° 10'-
1.0° 10°

1.0° 10*-
3.6° 10"

Tablell: The vaues of E; and n for the different deconvoluted desorption curve of Cab-

O-SiI-M-7D by the variable linear ramp and the iterative regression anaysis techniques.
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Curvel Curvell Curvelll CurvelV
n 1 1 2 2
Eq (kcal/mal)
-variable linear 9.5-14.5 19.6-28.9
ramp- (assuming sharp peak)
Es (kca/mol)
-iterative 9.5-11.5 13.4-14.3 22.9-26.7 30.1-35.7
regression
analysis-
n (s
-variable linear 1.1 10%- 3.0° 10>-8.7" 10°
ramp- 1.6 10° (assuming sharp peak)
n (sh
-iter ative 36" 10™ 1.4 10% 51" 10° 83" 10
regression 30 10° 36 10° 12" 10° 18" 10°
analysis-

Tablelll: The values of E4 and n for the different deconvoluted desorption curve of Hi-

Sil-233 by the variable linear ramp and the iterative regression analysis techniques.
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It is noted that the orders of reaction in the above tables are based on the assumption
that the first desorption peak (<400 K) in each TPD spectrum is physisorbed in origin (n =
1). The second deconvoluted desorption curves (curve I1s) in each spectrum have E4 < 16
kcal/mol and are also classified to have n = 1. Other deconvoluted desorption curves are
assumed to be chemisorbed in origin and assigned n = 2. This assignment is in agreement
with recently publications of TPD data of water desorption from silica surfaces.®”® In
these publications, physisorbed water was reported to have activation energies in the range
of 6-16 kcal/mol, while chemisorbed water (water molecules bonded to surface Si-OH and
surface condensation of Si-OH) was reported to have activation energies in the range of
20 kcal/mol to > 50 kcal/mal. It can also be observed from tables 11 and 111 that v tends to
increase as Eq4 increases. Thisisin qualitative agreement with the results obtained for

fumed silica (Aerosil A-3300) reported by Gun’ko et al.® who cited values of v starting

from 10° s* for physisorbed water (with Ey ~ 15 kcal/mol) to between 10°-10"s* for
chemisorbed water (with Eq > 40 kcal/mol). Chemisorbed water, which is formed by the
condensation of hydroxyls (OH) from silanol groups (Si-OH) at the surface of silica, is
expected to have a vibrational frequency closer to that of silica’s surface phonons (10°-
10"s%). H,O molecules, which are bonded to OH groups, should have a smaller
vibrationa frequency due to the damping effect of the cushion layer of silanol groups (Si-
OH). Anillustration of the different bonding arrangements of water on silica's surface
published by Feng et al.” is presented in Fig. 5 of this report to help our visualization of
the above mentioned damping effect. Physisorbed H,0O, for the same reason, is expected

to have an even smaller vibrationa frequency.
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The evolution of H,O coverage on the surface of Cab-O-Sil-M-7D and Hi-Sil-233

One question of practical importance in engineering is how the wt. % of water in these

silica particles changes with time in vacuum at a given temperature. Assuming a good
vacuum (ignoring the problem of water reabsorption from the environment) one may

calculate the wt. % of H,O retained on the silica surfaces as a function of time as

following:
Forn=1

From equation (1), one can write:

Eq
- d_S:(u e'RT)dt
S
or

Ed
Ins =-(u e ")t

Eqd

s(t)=s egte™r
(0]

Since o, = 1, the wt. % of water retained on the silica surfaces after atimetis;

Wt % retained =100° S = 100" e e

S

(0]
Forn=2

From equation (1), one can write:

ds =
-—=us’ef
s

or
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s(t) = 3o

Eq
S,(uef)t+1

Since o, = 1, the wt. % of water retained on the silica surfaces after atimetis;

Wt % retained =100" —+ (12)

Ey
(ue")t+1

Based on the values of Eq and v from tables | & 11 and equations (11)-(12), the wt. % of

water retained on the surface of silica kept in a good vacuum environment at a given
temperature as a function of time can be predicted. Fig. 6 shows the plots of wt. % of
water retained on the surfaces of silicavs. time at 300 K in a good vacuum environment
when Eq = 12 keal/mol and u = 6.0 x 10° s* (a), when Eg = 14.3 kcal/mol and u = 3.6 x
10* s* (b), when E4 = 21.5 kcal/mol and u = 3.7 x 10° s* (c), when Eq = 22.9 kcal/mol
and u =5.1x 10° s* (d), when Eq = 24 kcal/mol and u = 3.2 x 10° s* (e), and when E; =
26.8 kcal/mol and u = 9.4 x 10° s* (f). Fig. 7 shows the plot of wt. % of water retained
on the surface of silicain agood vacuum environment when Eq = 14.3 kcal/mol, u = 3.6
x 10* s, and T = 320 K (a); when Eg = 21.5 kcal/mol, u =3.7x 10° s, and T = 320 K
(b); when Eq = 26.8 kcal/mol, u = 9.4 x 10° s*, and T = 320 K (c); when Eq=31.3
kcal/mol, u =2.0x 10" s*, and T = 320 K (d); when Es=26.8 kcal/mol, u =9.4x 10°s
1 and T =500 K (e): and when Eq = 31.3 kcal/mol, u = 2.0 x 10’ s, and T = 500 K (f).
It is seen that physisorbed water can be effectively pumped out at room temperature or at
adightly elevated temperature of 320 K in amatter of hours. Chemisorbed water with
high activation energies of desorption (>30 kcal/mol) essentially will not escape the silica

surfaces in 100 years even at 320 K, while a significant amount of the chemisorbed water
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with medium activation energies (18.5-26.8 kcal/mol) will leave the silica surfaces in that
time span. We aso see that the outgassing due to water desorption from silica surfaces
becomes much faster at 500 K than at 300K. Thisis not surprising since the temperature
term goes exponentialy in equations (11) and (12). It isclear from Fig. 7(e) that agood
heat treatment to 500 K for many days would effectively eliminate the problem of water
outgassing from the silica surfaces for the next 100 years, provided that the silica surfaces
are not re-exposed again to moisture!
Weight percentages of water on as-received Cab-O-Sil-M-7D and Hi-Sil-233

First, the water signals detected at the mass spectrometer was converted to the
number of water molecules per second striking a unit area of the entrance orifice of the
mass spectrometer chamber through the use of a calibration curve. Since the Pt envelope
containing silica powders was only 1-2 mm away from the entrance orifice of the mass
spectrometer, it is reasonable to assume that the number of water molecules per second
striking a unit area of the entrance orifice of the mass spectrometer chamber is the same as
the number of water molecules per second leaving a unit surface area of the front side of
the Pt envelope (which has holes poked al over its 1cm x 1cm surface area). The wt. %
of water in the silica powder is simply the ratio of the weight of water desorbed and the

weight of silica powders and can be obtained as following:

M Lend Gt , MHZO

— ° NAV ’
wt % = " 100 .

silica

where Gis the detected H,O desorption rate (molecules.cm?s?), A is surface area of the

Pt envel ope facing the mass spectrometer (1cm x 1cm), Mo is molecular weight of

17



water, Nay is Avogadro number, Wgica IS the weight of silica powders, and t, and teg are
start time and end time of the desorption process. The weight percentages of water in
Cab-0O-Sil-M-7D and Hi-Sil-233 according to equation (13) are on the order of 0.38 wit.
% and 0.67 wt. % respectively. To be more accurate, we have to take into account that
the samples were pumped in the load-lock chamber for ~ 30-45 minutes prior to being
introduced into the TPD main chamber. Thisis enough time to pump out roughly 85- 95
% of the most loosely bonded physisorbed water molecules from silica surfaces (first
peaks in the TPD spectra), according to Fig. 6(a). In addition, the TPD spectrum for Cab-
O-Sil-M-7D does not go down to background level at 800 K. The weight percentages of
water reported here are, therefore, only rough estimates and serve as lower limits. The
actual weight percentages of water on Cab-O-Sil-M-7D and Hi-Sil-233 are expected to be
afactor of 2 or 3 higher than the numbers quoted above. However, the weight
precentages of chemisorbed water are only roughly 0.25 and 0.44 for Cab-O-Sil-M-7D
and Hi-Sil-233. Within the chemisorbed water, only ~ 60 % have activation energies of
desorption in the range of 18.5 kcal/mol to 26.8 kcal/mol. Thistrandate to 0.15 wt. %
and 0.26 wt. % of chemisorbed water with activation energies < 27 kcal/mol for Cab-O-
Sil-M-7D and Hi-Sil-233.

Comparison with water desor ption data on M 97 series silicones:

In M97 series silicones, Cab-O-Sil-M-7D fillers occupy ~ 21.6 wt. % and Hi-Sil -233
fillers occupy ~ 0.4 wt. %. Assuming that al the water outgassing from the silicones
originates from silicafillers, the 0.38 wt. % and 0.67 wt. % of water from Cab-O-Sil-M-
7D and Hi-Sil-233 trandate into ~ 0.11wt. % (" afactor of 2 or 3 to correct for the

physisorbed water molecules that had been pumped out prior to taking TPD spectra) of
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water in M97 series silicones. This number iswithin the range of 0.1 to 0.4 wt. % we
reported earlier for M9787 silicone.! This agreement confirms our suggestion that
adsorbed H,O and Si-OH bonds on the silica surfaces are the major contributors to water
outgassing from M 97 series silicones. However, with decent pumping before vacuum
packaging, only the chemisorbed water from the silicafillers surfaces with activation
energies < 27 kcal/mol (0.15 wt. % and 0.26 wt. % for Cab-O-Sil-M-7D and Hi-Sil-233,
or 0.04 wt. % for silicones consisting 21.6 wt. % and 4 wt. % of Cab-O-Sil-M-7D and Hi-
Sil-233) will contribute to long-term water outgassing.

The activation energy of desorption and pre-exponential factor for physisorbed water we
reported for M9787 silicone are ~ 15 kcal/mol and 8.1 x 10° s*. These are on the same
order of magnitude with those measured for Cab-O-Sil-M-7D and Hi-Sil-233 in this
report. The information on the kinetic parameters for chemisorbed water in thisreport is,
however, expected to have much more details and to be more accurate than that reported
earlier for M9787 silicone.” Thisis partly due to the inherent higher accuracy of the
iterative regression anaysis technigue as mentioned above over the technique based on the
Arrhenius plot of In(-ds/dt) vs. 1/T , and partly because in the current experiments with
silicawe have been able to heat the sample from 300 to 850K (instead of from 300 to

500K for M9787), thus enabling more detailed deconvolution of the chemisorbed species.

V. CONCLUSION
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We performed temperature programmed desorption up to 850K on Cab-O-Sil-M-7D
and Hi-Sil-233 silica particles. Our data show that the weight percents of water in the
Cab-O-SiI-M-7D and Hi-Sil-233 silica particles were on the order of 0.38 (" afactor of 2-
3) and 0.67 (" afactor of 2-3) respectively. It isinteresting to note that the equivalent
surface areas for Cab-O-Sil-M-7D and Hi-Sil-233 are 195 m?/g and 137 m?/s, respectively,
but the weight % of water on Hi-Sil-233 is amost twice that of water on Cab-O-Sil-M-
7D. In term of monolayers/cm? there are on the order of 0.14 monolayersicm? (* afactor
of 2-3) and 0.34 monolayersicm® (" afactor of 2-3) of water on the surfaces of Cab-O-
Sil-M-7D and Hi-Sil-233, respectively. If only chemisorbed water (from Si-OH bonds) is
concerned, the numbers are ~ 0.055 monolayersicm® and 0.132 monolayers/cm? of water
for Cab-O-Sil-M-7D and Hi-Sil-233, respectively. If one assumesthat it takes 2 Si-OH
bonds to form one H,O molecules, there are ~ 1.31~ 10" Si-OH bonds/cm® and 3.14
10" Si-OH bonds/cm? on the surfaces of Cab-O-Sil-M-7D and Hi-Sil-233, respectively.
Physisorbed water molecules in both types of silica had activation energies of 9-14.5
kcal/mol. The activation energies of desorption for chemisorbed water could be from 18.5
kcal/mol to 59.1 kcal/mal for Cab-O-Sil-M-7D and from 22.9 kcal/mol to 36.7 kcal/mol
for Hi-Sil-233. Our calculation suggests that physisorbed water can be effectively pumped
away at room temperature (preferably at 320 K) in amatter of hours. Chemisorbed water
with high activation energies of desorption (>30 kcal/mol) will not escape the silica
surfaces in 100 years, while a significant amount of the chemisorbed water with medium
activation energies (18.5-26.8 kcal/mol) will leave the silica surfaces in that time span.
Most of the chemisorbed water with activation energies < 30 kcal/mol can be pumped

away in amatter of daysin agood vacuum environment at an elevated temperature of 500
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K. We had previously measured about 0.1 to 0.4 wt. % of water in M9787 silicones.

Our current data show that silicones consisting of 21.6 wt. %Cab-O-Sil-M-7D and 4 wt.
% Hi-Sil-233 silica particles would have on the order of 0.11 (" afactor of 2 to 3) wt. %
of water. And within this0.11 (" afactor of 2 to 3) wt. % of water, only 0.04 wt. % is
due to chemisorbed water with activation energies of desorption < 27 kcal/mol. We
conclude that absorbed H,O and Si-OH bonds on the silica surfaces are the major

contributors to water outgassing from M97 series silicones.
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