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ABRSTRACT

The effect of the area and type of surface of ten silica
thickeners and aluminum oxide cn grease permeability, on
# .
the sorption of PAN by the grease, and on subsequent extrac-

tion were studied.

Foxr grease containing 6 % per cent of thickener, permea-
bility coefficients varied from 20,1 x lO—”cm2 to 168 x ldJI
cm®, For each silica type they decreased with increase in
surface area of the thickener. The level of the permecability

coefficient is generally related to the worked penctration.

In scorption measurements using pernmeating olls of varying

2

ne

PAN concentration, the amount of PAN assoclated with
thickener surface increased with PAN concentration. PAN

concentration after equilibrium was reached was independent
of the thickness of the grease cake, For each type of the
silica thickener studied, the equilibrium PAN concentration

increased with thickener surface area,

Extraction experiments were performed with oil containing
no additive on the same grease samples on which sorption
experiments were run., The final PAN concentrations were
small, The differences among the final equilibrium councen-
trations of additive in the greases were a function of the.

type of silica thickener. No significant surface area trend

was observed,

# Phenyl-X-naphthylamine



Initial rate cconstants for the additive exchange were
the same for both sorpticn and extraction suggesting that
the rate limiting step for replacement of the oil in the
grease or for additive transfer between permeating oil and
the oil in the grease is the same for the sorption and

extraction experiments,



I. INTRODUGCTION

A lubricating grease can be defined as ' a solid or seni-
fluid lubricant consisting of a thickening agent in a liquid
Jubricant, Other ingredients imparting special properties

may be included ' (1).

Many mechanical devices are constructed in such a manner
that they can not be conveniently or efficiently lubricated
by a liquid oil, but require a semisolid lubricating grease.
The usefulness of lubricating greases in lubrication depends:
largely on the fact that the force per unit area necessary
to produce continuous flow is not proportional to the rate
of shear. This is known as non-Newtonian behavior (2).
Since apparent viscosity is high at low shear rates, leakage
from bearing is low compared with oils., In some applica-

tions, part of the grease acts as a seal to prevent leakage.

Greases are generally very complex owing to the fact.
that they are formed from thickener particles which are
rarely pure chemical materials and usually mixtures of many
chenmical entities. These thickeners are then combined with
oils containing many different types of molecules, Conse-~
quently, there are many interacting systems which make
difficult any clear understanding of the fundamental nature

of the thickener systems,

In recent years, the need for specialized lubricants has

increased because of the use of higher precision, héavily



loaded and more specialized machinery. At the same time,
the Jubricating grease industry has made notable progress

in transforming grease making from an art to a science;
Sodiuwm, barium, lithium and calcium complex soap thickeners
have been used in recent years along with synthetic fluids
such as polyglycols, phosphate esters, dibasic esters, sili-

cone and polyphenyl esters etc (3).

Nevertheless, there is still a great deal of uncertainty
about the fundamental properties and the mechanical behavior
of lubricating greases. Very little exact information is
available on the relations between composition and structure

of greases,

Several years ago Sisko and Brunstrum suggested the use
of permeability measurements as a means of deducing infor-
nation about the structure of a lubricating grease. Tu (L)
and Lin (5) have made permeability measurements to investi-
gate the effect of mineral oil type and viscosity on thick-
~ener structure. Part of this study is an extension of their
woxrk. The effect of the area and type of surface of various
silicas on grease permeability was examined holding mineral

oil and menufacturing procedures constant,

Additives are substances added to lubricating greases to
obtain or enhance properties desired in the final product.
Some additives have been known and used for many years, but

the mechanisms of additive action are not understood. Addi-



tives of low concentration are widely used in lubricating
greases for oxidation inhibition, rust protection, load carry-
ing enhancement, etc. Some additives with concentrations as
Jow as 0.1 % affect the mechanical stability and presumably
the structure of a grease while others with nuch higher con-

centrations have l1little effect.

If we were able to understand more fully the mechanism of
additive action in lubricating greases and the effect of
additive concentration on the improvement of particular
properties, then we would be in a better position to control
the formation of desirable greases during manufacture and

to improve the particular properties of the special greases,

As a first step in studying additive effects, Zakin, Tu
and Lin (6) have made exploratory studies of the sorption
and extraction of additives (PAN) on a lithium hydroxy-
stearate grease and on a modified clay thickener grease.
Another part of this investigation was to study the sorption
- and extraction results on a series of greases containing

different kinds of silica thickeners.



IT. LITERATURE REVIEW

A, Grease Permeability

Permeabllity is the measurement of the ease with which
a fluid of a given viscosity flows through a solid mass.,
Therefore, permeability measurements provide some infor-
ration on the nature of the grease structure, and on the

Mtightness" with which the thickener holds the oil,

Greases generally bleed bil slowly in storage, in pump-
ing, and in service. In many applications the hearing
- operates at a relatively low temperature, and a grease
which will supply an adequate amount of oil under these
conditions will naturally bleed in storage. The anmount
of oil that is lost under normal conditions is trivial in
relation to the quantity still contained in the grease,
and the qualities of the grease as a lubricaat will be
unaffected. The tendency to separate oil is determined
by a number of factors such as the nature of thickener
and the oil, the composition of the thickener, time, pre-
ssure and the nature of the service. Several authors (7,
8,9) predicted that the most important factor affecting
the oil separation was the nature of the grease structure.
Baker (10) claimed that a good grease should possess the
property of low initial rate of o0il separation, but should
nave the property of being able to give up a high propor-

tion of its oil for long ball bearing life,



In 1960 Sisko and Brunstrum (11) suggested that a lubri-
cating grease could be considered as a permeable mass and
that flow of fluid through the lubricating grease would
obey Darcy's law., Darcy's law (12) of permeability states
that the rate of flow is directly proportional to the pres-

sure gradient causing flow

Y T —— o

where %ﬁ%iﬁ the pressure gradient, Ap is the total pressure
drop across a sample of length L, and B,1s a permeability
coefficient. Because permeability is determined by the
size, shape, concentration and dispersion of particles in
the thickener network, they suggested the use of permeabi-
lity measurements to study the structure of the network,

oil separation from grease, and uniformity of particle

dispersion througnout the grease.

For this purpose they designed an apparatus which is
shown in Figure 1., Permeabilities are determined by allowing
the oil to flow through the grease under its own head, The
change in oil height is measured as a function of time,
Assuming the density of the oil to be constant, the velocity

of flow, according to the law of continuity, is

R, dh

U = = -y e e e (2)
R:. dt

where R, = radius of the sample

R,= radius of the pipette connected with the adaptor
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and h = height at time %

For the measurement of grease permeability, the flow
direction is vertical, the bed is horizontal and laminar
flow prevails., This condition implies (1) that resistance
to flow is entirely due to viscous drag and (2) that the
fluid is inert to the porous medium, i,e, chemical, adsorp-
tive, electrical, electrochemical and capillary effects
are absent, We can then add that the rate of flow is in-
versely proportional to viscosity and introduce another

specific permeability coefficient, B,, for viscous flow,

e Vm o B BP L Be AP e

where

Vo= effluent rate per unit cross~sectional area, cm per sec.
P = pressure drop across the sample, dynes per cm

I, = thickness of the sample, cn

Y = viscosity of the oil; poise

B.= specific permeability coefficient, o™

The preésure drop across the sample is pgh, where
f = density of the oil, in gm per cc
g = acceleration of gravity, in cm per sec .
h' = height of the o0il level, in cm
Substituting these values of u and 4P into Equation (2)
glves the working equation for calculating the permeability

coefficient:

R, dh - _B.P gh (L)
R, d¢ = T L "



. W/ . . . .
where ﬂrls the kinematic viscosity, ¥.
This equation can be written as:

YLR. _dlnh

B = - S
g R - dt.

oox-dlah (s
dt :

where K = =——=-=—>%= which is constant for a particular cil

and apparatus at constant temperature.
From Equation (5), plots of ln h vs. t are linear with
negative slopes from which the permeability coefficient can

be calculated.

Sisko and Brunstrum (11) observed that for a series of
greases, oil geparation using the ASTH test method and the
ratio of permeability to viscosity were in the same order,
but the relationshlp was not linear. They also noted that
as the percent of worked rheopectic grease in a grease mix-
ture dincreased, the permeabilit& coefficient of the mixture

decreased, indicating the effect of structure on permeability.

Ewbank and co-workers (13) demonstrated the validity of
Darcy's equation for describing the permeability of lubri-
cating greases. They also found that the permeability de-
creased with increase in the concentration of the thickener,

the mathematical form of the relationship being logarithmic.



K = constant, characterizing the nature of the
thickener

C = weight per cent thickener in grease

Zakin and Tua (14) used greases thickened with lithium-
calcium soaps and with Baragel to study the effect of
viscosity and type of o0il component on the permeability
coefficient, They found that the permeability coeificients
for greases made with these thickeners are dependent on
the type and viscosity of the lubricating fluid from which
the grease is made. Lithium-~calcium and Baragel greases
made with paraffinic oils had equal or higher pexrmeability
coefficients than greases made with naphthenic oils of
the same viscosity at the testing temperature., With naph-
thenic oils, permeability increased with increase in
viscosity in both the lithium-~calcium and the DBaragel
greases, With paraffinic oils, the permeability coefficient

was much less sensitive to oil viscosity for both thickeners,

Lin (5) studied the effect of variations in the viscos-
ity and type of the mineral oil component on the permea-
bility coefficient in greases thickened with Caly-0O-Sil M~-5
and Cab~0~Sil H~5., The permeability results showed no
sipgnificant differences between the two thickeners, although
H~5 has a surface area 62.5 per cent greater than M=5 and
presumedly a smaller ultimate particle size. For both
- thickeners, the permeability of greases made with paraffinic

oils gave higher values than those made with naphthenic
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0ils of the same viscosity at 77 F. The effect of the
viscosity of the oil component used in manufacture on the

permeability coefficients was not large.

B. Nature of Adsorption and Surface Properties of Thickener
Surface tension may be defined as a free energy. The

cémponent having the lowest surface tension will be enriched

in thé surface layer as a result of the tendency of a system

to have the minimum surface free energy. This enrichment

of a component in the surface layer is called adsorption, and

it occurs at all interfaces (15).

Molecules inside any solid are subjected to equal forces
in all directions whereas those in the surface are subjected
to unbalanced forces. If other molecules become attached
to the surface, they can balance the resulting inward forces.
The attractive forces are the same as those responsible for
surface tension and condensation in liquids. They are re-
latively weak and are called Van der Waals' forces. The
adsorption is regarded as 'physical® and the adsorbed
molecules are easily released from the surface when Van der

Waals!'! forces are involved.

Presently, there is no known direct method to measure
the surface tension of a solid. However, due to the fact
that the total surface energy is equal to the product of
the surface energy per unit area and the total surface area,

high surface area is a major consideration in adsorption



11

experiments.

C. Additives in Greases

There are many definitions of additives in grease.
Webber (17) defined additives as "subhstances which impart
or enhance the desirable properties of a lubricant and
eliminate or minimize the deleterious ones'. Thus, the
function of the additive is to improve the properties of
the lubricating grease hopefully without changing its struc-
ture to any extent. According to their functions, Boner (1)
has classified the grease additives into ten categories,
such as oxidation inhibitors, corrqsion and rust inhibi-

tors, etc.

From the experiments of Tu (4) and Lin (5) on extrac-
tion and adsorption of phenyl-ct-naphthylamine (PAN), it
was shown that the amount of additive sorbed by a modified
clay-thickened (Baragel) grease at equilibrium was greater
than that sorbed by lithium grease, although the initial
rates of sorption were about the same., The amount of addi-
_tive associated with the thickener appears to increase
with increasing additive concentration from less than
0.002 gm per gm thickener in equilibrium with the 0.5 per
cent PAN solution to 0.03 gm per gm of thickener in equi-
librium with the 3 per cent PAN solution. The Baragel
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grease sorbed considerably more PAN, ranging from 0.07 gm
per gnm of thickener at a PAN concentration in the equili-
brium oil of 0.5 per cent to.O.l6 gn per gm of thickener

at a PAN concentration of 3 per cent, Lin (5) extracted
PAN from the two greases with additive free oil., This
resulted in almost complete removal of PAN from the lithium
grease, but about 0.2 per cent PAN was retained in the
Raragel grease., Lin (5) also ran exploratory sorption and
extraction experiments with silica grease but got anomalous

results.

D. Infrared Analysis
Both Tu (4) and Lin (5) used infrared analysis to obtain

the PAN concentration in the exit oil samples.

Infrared absorption spectra are characteristics of the
functional groups in the sample and can be used to establish
the presence or absence of certain groups. Most useful
additives contain active functional groups. These groups
can be used to identifiy qualitatively and quantitatively
the specific chemicai’groups in a compound from their
spectra, With unknown naterials, an infrared curve may

indicate the functional groups that are present.

By the application of a combination of two fundamental
laws we can relate the magnitude of the infrared absorption
with the amount of material causing it. The relationship
between the amount of absorption and the thickness of'the

absorbing medium can be expressed by one of these laws,
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known as Lambert's (19) law. It states that the absorption
of monochromatic radiant energy in passing through an opti-
cally homogeneous system is directly proportiocnal to the

length of the absorbing path.

The other law, postulated by Beer (20), expressed the
relationship beﬁween the amount of absorption and the con-
centration of solute causing the adsorption. It states
that the absorption of incident energy is directly propor-

tional to the concentration of the absorbing entity.

In analytical applications it is customury to combine
these two laws into an equation of the following form
log P,/ P = A =abc, where P. is the radiant energy inci-
dent on the sample, P is the radiant energy after passing
through the sample, A is the absorbance, a is a constant
called absorptivity, b is the cell thickness and c is the

concentration.

Beer's (20) law predicts that the absorbance A is a
linear function of the concentration of the absorbing
material, However, deviations from Beer's law are to be
expected whenever the slits are wider than the width of
the absorption band used (21)., If the slit wi&ths are
appreciably wider than the band widths, deviations will
occur at low transmittances. So Robinson (21) suggested

working at high transmittances.
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IiI,., EXPERIMENTAL

A. Preparation of Silica Grease

1, Raw Materials

a. Minerzl Oils

b,

A 500 sec. solvent refined naphthenic oil (oil J of
Reference 5) obtained from the Mobil Cil Company was
used in making all of the greases., The viscosity of
the oil at 77°F is 219 CSTKS, with specifications of
viscosity index 70, aniline point 213°F, and viscosity
gravity constant 0.832. o

Thickeners

The greases used in the experiments were prepared from
the followlng silica thickeners and aluminum oxide.

The chemical and physical properties of these thickeners

are shown in Table I.

(1) CAB-O-SIL

(

Two grades of Cab-0-Sil thickener (H-5, M-5) obtained
from the Cabot Co, were used., Cab-0-Sil is a sub-
microscopic pyrogenic silica prepared at high tempera-
ture (1100'C) by the vapor phase hydrolysis of silicon
tetrachloride.

) AEROSIL
Four grades of Aerosil thickener (uncompressed, 2491,
2491-380, MOX-170) were obtained from Degussa Inc.
Aerosils are submicroscopic pyrogenic silicas produced

'by flame hydrolysis of silicon tetrachloride in a



TABLE T

Chemical and Physical Properties of Siliea and Aluminum Oxide Thickeners

—

Udeke o 0-51ab-0-511]  Aerosil | herosil|serosil | Aerosil | QUSO | QUSO | Santocel] Santocel] Aluninum
NG H~5 M5 pncompressed 2491  12491-3801 Mox-170 | G-32 F-22 C Z Oxide
Silica I ) \ ¢ (\ . N» i
.1 99.8 | 69.8 > 99,8 1>99.8 |>99.8 | »>98.3 98 G8 92~94 | 90-92 0.1
Content
Ultimate - - _
L. OQO-L--. 00005"’"“ OoOOj"‘"" O;Ol""’" OgOl""" 0.0-L.-"' 00005‘-'—{
Particle] C.C07 ; 0,.,Cl2 e e 10,013 0,012
Size (mp) 0.04 0.02 0,015 0.03% G.02 0.02 0,03
Surface i
Area7 225 200 200 + 25 | 300+30 | 380+40[170+30 300 %25 130 280 100+10
my/ g
bulk |
Density | 2,3 2¢5 245735 [245=3.5 2.5=3.52.5=3.5| 4 L 67 5.3 -
lbs/ ft
Specific
Gravity 2.2 2.2 - - L - 201 201 - - -
PH 3.9 Ll-oo 3.6"4.3 306"‘4033.6"4.5 1045 805 5.0 308 L]..O L“-S

ST
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gaseous environment at 1100°C,

(3) QUSO SILICA
Two grades of Quso Silica thickener (G-32, F-22) were
obtained from the Philadelphia Quartz Company. Quso
Silica is a micro fine precipitated silica,

(4) SANTOCEL SILICA
Two grades of Santocel Silica thickener (C, 2) were
obtained from the Monsanto Company. Santocels are
produced from a water solvent system under high
pressure above the critical point of the water solvent
phase. The stiructure of these materials would be
termed nicro porous in nature,

(5) ALUMINUM OXIDE

Aluminum Oxide thickener was obtained from Degussa Inc.

2. Manufscoturing Procedure for Silica Greases

Solvent refined Naphthenic oil (940 g or 94 %) and silica
thickener (60 g or 6 %) and 2 cc¢ of water wers mixed with a
spatula in a five pound grease kettle, The mixture was then
stirred with the double mction paddle stirrer with scraper
blades for A0 minutes without heat. The thickened mix was
then homogenized by passing through a Morehouse Mill three
times. The clearance between the upper statiorary nill stone

and the lower high speed rotor stone was adjucted to 0,001

inches,
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B. Permeability Measurements

1., Permeability Apparatus

I'igure 1 shows the apparatus designed by Sisko and
Brunstrum (11) for the measurement of permeability. The
apparatus consists of a 5 cc pipette with a wide opening
at one end and a ground glass joint at the other end which
is connected by a bell~shaped glass adaptor to the madin
sanple assembly. The sample is retainad inside a stainless
steel ring about 0.5 cm high and 4.16 cm in diameter, A
nillipore filter paper (type HA*) is supported on a 40 mesh
ring. The entire sample assembly is held within a pair of
screw clamps. A nebprene gasket is placed on the extended
base of the adaptor to ensure a tight fit for the entire

assembly.

2. Permeability Measurement Procedure
a, Sample Packing Technique

In packing the grease samples, one of the riost serious '
problems is the presence of air bubbles in the sample, since
they affect the properties of the sample and may therefore
cause serious error in the experimental results. Therefore
a procedure was developed to minimize the amount of air in
the sample. The grease sample was charged into a 10 cc
medical syringe. The grease was then carefully discharged
from the syringe into the sample retaining ring along the

edge of the ring. A piece of drawn glass tubing connected to

* Millipore'Filter,Corporation, Bedford, Mass.
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an ordinary water aspirator was used to suck air bubbles
out. of the grease sample. This procedure of charging
and sucking air was continued until the re%ainer was filled
with grease containing no visible air bubbles. To make
trhe sample surface rlat and smooth, excess grease was then
wiped off with a spatula,
b. Permeability Measurenents

After cleaning the permeability apparatus, a piece of
filter paper wetted with the same oil from which the grease
was made was placed on the bottom screen, while the excess
oil was removed with absorbent tissue. The retaining ring
was then placed on the filter paper and grease was packed
into it by the sanmple packing method described above. The
top screen was then put in place. The sample assembly was
placed in the bottom half of the clamp and in succession,
a neoprene gasket, the bell-shaped adaptor, another gasket
and the top half of the screw clamp were added. The clamps
were then screwed together tightly by hand. The adaptor
wes filled with oll, and the pipette was mounted on the
ground glass Joint of the adaptor. A film of grease was
put between the pipette and the ground glass joint of the
adaptor. Two springs were attached to hold the pipette
tightly in place to prevent the oil from leaking. The
pipette was then filled with oil to the 5 ml. mark. The
sample was then placed in a LOO-nml beaker set on a plastic
rack immersed in a constant temperature water bath at

77°F + ,05°F. The water level reached to the top of the



adaptor.

After the pipette was filled with oil, measurements
were delayed for a few hours to make sure any air bubbles
trapped in the oil rose to the surface. A small amoﬁnt
of additional oil was added after all the air bubbles
were removed and the initial height reading was taken.
The o0il height was read at periodic intervals depending
on the oil flow rate. Runs were terminated after 10 to
80 hours or when the liquid level fell below the pipette
scale, At least three runs per sample of grease were made,
A tyvical run is shown in Figure 2, Permeability coeffi-
cients were calculated directly from the data using a least
squares procedure to obtain the slope of logarithm of oil
height versus time data. Sample calculations are given in

Appendix A,
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'TABLE II

Consistencies of Silica and Aluninum Grease.

. Thickenenr: Grease Consistenc Bleeding Tendencies
(penetration Test after Four Months!
Storage
Unworked Worked:
Aerosil 298 3Q4 No bleeding
Unconpressed
Aerosil 356 380 o bleeding
MOX~170
Aerosil 256 270 No bleeding
2491
Aerosil. 279 282 No bleeding.
2491-380 '
Aluminum 337 409 Slizht bleeding
Oxide:
CAR-O-SIL 278 284 No bleeding
H-5
CAB~0O-SIL 284 300 No bleeding
M-5
QUSQ F-22 388 391, Bleeding only in
pockets
QUSO G==32 378 387 Bleeding only in
pockets
Santocel 2 296 201 No bleeding

Santocel ¢ LOXL 408 Bleeding
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C. Sorption and Extraction Measurements

Sorption experiments were run in which oils with 0.25 %,
0.5 %, 1%, 2%, and 3 % of PAN additive were permeated
through silica grease samples without additives, After each
scerption experiment reached equilibrium, an extraction ex-
periment was run in which oils without additives were

permeated through the same grease sample,

1. Sorption Measurements with a Range of Additive Concen~
trations _

Using the sample packing method described in Section B,
grease samples without additives were packed into the
permeability apparatus sample retainer. The apparatus
assenbly was selt up as usual. The pipette was filled to
the 5 cc¢ mark with oil containing a known per cent of
additive. The apparatus was then placed on a 250 cc beaker
at room temperature. ZEffluent samples were collected for
IR analysis and oil heights were recorded., Oil sticking
to the bottom of the apparatus was sucked up with a medicine
dropper and added to the sample bottle together with the
0il from the bottom of the beaker. To malntain the oil
height, fresh oil was added to the pipette. Most. oil
samples had a volume of 1 to 2 cc of oil., These experi-
ments were ﬁerminated when equilibrium was reached, That
is, when the concentration of the additive in the exit oil
was the same as that in the original oil permeating through
the grease sample. It took from 3 to 20 days to reach

equilibrium and the total amount of exit oil varied from



18 to 35 cc. The oil samples were analyzed with a Beckmen
IR-5A HModel Spectrophotometer to determine the additive
concentration in the effluent oil. Additive concentrations
in the grease were computed from mass halances on the PAN.,

Three typical runs are shown in Figure 3.

2. Extraction Measurerents after Sorption Experiments

After equilibrium was reached, the apparatus was disassen-
bled and all parts except the grease retainer were cleaned
thoroughly. The oil present on the outside of the filter
was wiped off with a tissue. The grcase retainer was then
reassembled in the apparatus for the extraction experiment
and the pipette was filled with oil without additive which
was then permeated through the grease sanple., The proce-
dure then followed that in the sorption experiment. When
the exit oil contained no additive, that is, when equilibrium
was reached, the extracticn experiment was terminated. The
time required for reaching equilibrium varied from 3 to 20
days and the total amount of effluent oil varied from 18

to 4O cc.

3. Sorption and Extraction Measurements with Different
Thickness of Grease Cake
Silica grease samples thickened with 6 % Cab-0-Sil H-5
silica thickener were packed into the permeability apparatus
with ring thicknesses of one half and.double the normal
thickness. Sorption and extraction experiments were then

run in the same manner as described in Sections 1 and 2.
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D. Analysis for Additive

In order to determine the amcunt of additive picked up
or lost in the sorption and extraction experiments, a sinmple
but accurate analytical method was needed to measure small
amounts of additive in the effluent oil, Both infrared and
ultraviolet absorption spectra of lubricating olls with

additives were cousidered.

Since the infrared absorption is due to interactions
of the light waves with the vibrations of the atoms within
a molecule, whereas the ultraviolet absorption is due to
interaction with the very much lighter valence electrons,
vicinal effects in infrared should be less iuportant and
should hardly extend beyond the second neighbor distance
from a given bond,.Sensitivity to vicinal effects is a
najor obstacle to the ultraviolet absorption spectrum
analysis of lubricating oils (15). Infrared analysis
provided a sensitive absorption band for the additive (PAN)

at a wave number of ??dqcm.

1. Description of Infrared Spectrophotometer

A Beckman Model IR-5A Spectrophotometer (16) was used
for these neasurements. It is an automatic recording single-
beam, double~beam instrument designed for the qualitative
and quantitative chemical analysis of liquid, solid and gaseous
phase samples and equipped with NaCl optics. Two NaCl crys-
tals 0,2 mm apart form the slit which holds the film-type

liquid sampleé. This pair of crystals is mounted on a brass
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{rame to form the coumplete sample cell ¢r reference cell,
The IR-5A has a wave length range of 2 to 16 microns. The
instrument records linearly in per cent transmittance and

wave length.
2. Infrared Analysis Procedure

a, Selection of Additive and Band Peaks

Two common additives used in greases, phenyl-¥-naphthylamine
(PAN) and Paratertiary butyl catechol (Ionol), were examined
for sensitivity to infrared detection at low concentrations

in oil solutions.

The IR Spectra absorption curve for PAN had bands at.
1570 cum, 770 ci'and 1480 crfi At high concentrations of PAN,
there was also a band at 685 cm. Relative heights of the
absorption peaks for PAN and Ionol are shown in Table IIX and
Table IV for differential analysis. The IR Spectra absorption
curve for PAN had more sensitive absorption bands than that
for Ionol, The peak at 770 cm was chosen for analysis for
two reascns: (1) the sensitivity of detection is greatest
here because a maximum change in absorbance occurs here per
unit concentration change, and (2) the absorbance change with
concentration at this wavelength is more nearly constant over
the concentration range of interest (up to 3.0 per cent)
and therefore leads to maximum precision in the overall

detexrmination,

b. Details of Procedure
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TABLE ITI

Height of PAN Absorbance in the Infrared Spectra

(Cne Unlt = One Division on Chart = 0,05 Inches)

~|
Wave Number, cm

% PAN in 0il - 770 1480 1570
0.1 2.9 - 2,0
0.2 6.6 1.0 3.1
0.3 9.8 2.1 a3
0.4 15,1 2.8 7.6
0.5 18.5 3.2 10.0
0.6 21.5 5.1 12.5
0.7 2L.7 6.2 14.8
0.8 28.5 7.1 17.7
0.9 32,4 8.0 19.8
1.0 35.0 10,1 20,8
1.5 Lly.3 - 12.5 28.5
2.0 52.2 14.5 35.8
2.5 59.3 17.5 39.1

3.0 632 20.6 1.5
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TABLE IV

Height of Ionol Absorbance in the Infrasred Spectra

(One Unit = One Division on Chart = 0,05 Inches)

-1
Wave INumber, cm

% Tonol in 0Oil 860. 1160 3700
0.10 0.9 1.1 1.0
0.25 2.0 2.1 2.2
0.50 3.5 3.6 h.2
1.00 10.0 8.1 3.5
2,00 21.0 19.0 16.5
3.0 31.0 28.0 22.5
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(1) Differential Quantitative Infrared Analysis

A technique known as differential infrared analysis is
particularly useful when applied to lubricating oils with
additlives, In this techniqgue, a sample of pure oil with-
out additives is placed in the reference cell of a double
beam infrared spectrophotometer and the oil with additives
in a matched sample cell., Thus, the absorbance due to the
oil itself is compensated, and the net absorbance is due to
differences in chemical composition between the pure oil and

the oil containing.additive.

Calibrations were made using 0,1, 0.2, 0.3, 0.4, 0,5,
0.6, 0.7, 0.8, 0.9, 1.0, 1.5, 2.0, 2.5, 3.0 % PAN in 0il J.
The band pesks of PAN increased gradually as the concentra-
tion of additives in o0il J increased (see Table ILI énd
Figure 4). From these data a calibraﬁion curve was drawn

(see Figure 5).

(2) Experimental Procedure

The two NaCl crystal cells were cleaned thoroughly with
volatile solvent (benzene) and dried withrcompressed air.
Two drops of pure oil J were inserted into one of the
openings ¢f the reference cell with the help of a medicine
dropper. A medical syringe filled with oil was then mounted
over the end opening. By pushing the rod down gently the oil
tlowed down the narrow slit and formed a 0.2 mm thick oil
film threough which the infrared beam was projected. Air

bubbles had to be prevented from getting into this film,
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If bubbles were found, the procedure was repeated. Two
pieces of plastic end secalings were then carefully squeezed
into the ends of the cell, This ensured that the oil film
remained in position without any further disturbance through-
out the experiment. The unknown sample or the sample to

be determined was charged to the sample cell in the same

wvay as the pure solvent. Calibration curves,'which weré
described in Section b, (1), were rerun each time a group
of unknown samples were analyzed. Peak heights were then
compared using the base line method (see below). A set of
peak heights versus concentrations of additive data could
be tabulated as Table II or ¥Figure 4. From the calibration
curve, a quantitative analysis of the unknovn sample was

obtained.

(3) Base Line Method

In the transmission curve of a sample of PAN in oil J, a
base line AB (Figure 6) is drawn tangential to the trans-
mission maxima on each side of the band. A perpendicular
is then erected through the analytical wavelength until
it intersects the base line., The absorbaince is calculated
using the lengths P, and P as proportional to incident and
transmitted light at that particular wavelength. According
to Beer's Jaw the concentration is proportional to the
percentage of absorbance of the additive at the particular
wavelength. It should be noted that the apparent amount
cf radiation absorbed is increased when the shqulders of

‘the absbrption band are raised (20). In order to take
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advantage of this, Robinson (21) suggested working at higher
transmittances where the shoulders of the absorption band
on each side of the analytical wavelength are near the

100 % transnission line.



35

IV. RESULTS AND DISCUSSION

A. Permeability Experiuents on Grease Thickened with Silica

Thickenexr and Aluminum Oxide

ThHe results of the permeability measurements are listed
in Table IX (Pages: 69-77) and the calculated permeability
coefficlents are listed in Table V., Permeability coeffi-
cients varied from about 20.1 x 10 cn to 168 x 10'”cmx.
The average value of the standard deviation for these runs
on each sample is 3.2 per cent compared with Lin's 2.8 per

cent for Cab-0--5il H-5 and M~5 greases.

Several trends are apparent in these results, First the
level of the permeability coefficient is generally related
to the worked penetration. Those greases with worked pene-
trations below about 300 had permecability coefficients of
20-35 x 10 cm*. Those greases with worked penetrations in
the range of %80-391 had permeability coefficients which
ranged from 47-106. The two greases with worked penetra-
tions of LO8 and 409 had coefficients of 159 amd 168 x ldﬂl

2 .
crt” respectively.

Also, within each series of thickeners (except for the
uncompressedAAerosii), the permeability coefficient decreased
with increase in surface area. Comparison of the QUSO F--22
resulté with Aerosil 2491 and Cab~0-~5il H-5 shows that
differences in the level of permeability coefficient may be
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TARLE V.-

Summary of Permeability Results for Silica

and Aluminum Oxide Greases at 7?’F

Thickener' - Slope .5 Permeability - Average _
(x 10 ) (x 10) (x 10 5
Aerosil 1,11 20.3
Unconpressed 1.13 20.6 20,1
1.06 19.4
Aerosil 2.50 47,0
MOX-170 2.50 46,9 46.8
2.48 L4L6.6
Aerosil 1.88 35,0
2491 2.03 37.7 35.2
1.78 23.0
Aerosil 1,77 31.7
2191-380 1.75 32.3 32.6
1.83 )309
Aluminun 8.06 174,
Oxide 8.00 168. 168.
7.70 161,
Cab~0-Si1l - 2l.2
H-5(*) . 20.9 20.6
Cab-0-Sil - 2L, 1
M~5(%*) - 22.1 22.9
225
Quso F-22 3.86 4.5
3.78 71.8 72.1
3,80 73.1
Quso G-32 5.28 105,
5.30 106. 106.
5.35 106.
Santocel 2 1.64 30.3
1.56 28.6 29.5
1061 29.7
Santocel C 7 .68 160,
7.63 160, 159,
7 .50 156.

* Tin's Data (5)
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obtained with silicas of roughly equal surface areas but.
prepared by different processes., The importance of the

type of silica (pyrogel ws. hydrogel) on grease character-

‘_Jo

3tics has been shown by Ewbank and his coworkers (18,22)
in comparisons of the values of n, a measure of the concen-

tration dependence of permeability.

The permeabllity coe fflcjen+s observed with the aluminun
oxide grease (168 x 10~ cm ) and the Santocel C grease (159
-1
% 10 cm®) are higher than any previously reported. These

.

high coefficients suggest a loose holding of the mineral

g
0il dn a coarse gel structure which might be expected to

permit excessive oll separation from the grease, After
four months?! storage, these two greases were the only ones

which showed noticeable oil separation on their undisturbed

surfaces (Table II).
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B. Sorption Experiments on Greases Thickened with Silica

and Aluminunm Cxide

1. Sorption with Different PAN Concentrations in the Perumeca-

ting 0il

The eguilibirium results of the experiments in which
permeating oil with varying concentrations of PAN was passed
through a Cah-0-51il H-5 thickened grease are shown in Table
VI. and Figure 7. The equilibrium PAN concentrations in the
grease exceceded those in the permeating oil by about 0.15
per cent at low PAN concentrations in the permeating oil and
up te 0.59 per cent at 3.0 per cent PAN in the permeating
0il based on PAN analysis of the exit oil. Thus, assuning
uniform dispersion of additive in the oil phase at the same
concentraticn as in the permeating oil, 0.03 gm to 0.13 gn
of PAY must be assoéiated with each gram of thickener, the
amount dincreasing with the concentration of PAN in the oil,
This additive must be held by surface forces on the thickener,
Table VI also shows that direct infrared analyses of the
greases for PAN gave good checks compared with the values
estimated from mass balances obtained by analyses of the

exit oil samples.*

* fThese nass balances were corrected for PAN sorbed on the

filter paper (see B 2).
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Sumnary of Sorption and Extraction Results for Silica

Grease (containing 6

% Cab-0-Sil H-5 Thickener)

% PAN in
Permeating Oil 0.25 10,50 | 1.00 | 2,00 | 3.00
% PAN in O0.40 [0.75 |1 30 | 2.47 | 3.59
Grease at
Equilibrium O34 10,70 | 124 | 2,41 | 3.53
.§ Direct Analy.
R, |of Grease 036 |0.71 11,26 | 2.43 | 3.55
§ (% PAN)
Vol, of Exit
0il at Bquil. 2,9 | 23.4 | 22.5 |17.2 | 16.8
(.cc) |
Ks 1.3 | 1.3 1.4 14| 1.4
Ks#* 1.6 1.6 1.6 1.7 1.7
% PAN in |
Grease at - 0,135 | 0,1y | 0,07 | 0,13
§ Equilibrium
Y |Direct Analy.
£ lof Grease - ]0.15 | 0.16 |0.10 | 0.15
A | (s pam) _
Ke - 1.3 1.4 X 4| 1.4
Ke* - - 1.6 1.6 | 1.7 1.7
*# These mass balances were corrected for PAN sorbed

on the filter paper.
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2. Sorption of PAN Additive with Half, Normal and Double

the Thickuess of Silica Grease Cake

In order to check the possibility that the filter paper
caused error in the calculated equilibrium concentration in
the grease for the sorption experiment, half, normal and
double thicknesses of €Cab-0-Sil thickened grease cake were
tested with oil containing one per cent of PAN, The results

of the additive sorption experiments are shown in Table VII,

There was a difference in the final equilibrium concentra-
ﬁion of PAW in these grease cakes calculated from the overall
mass balances on PAN in the exit oil., It varied from l.42
per cent in the half thickness to 1,30 per cent in the nornal
thickness and 1l.26 per cent in the double thickness. The
reason for these differences in the estimated values of the
equilibrium concentration of PAN in the grease is apparently
additive sorbed by the filter paper. Examination of the
filter paper showed that it was slightly darker than the
rest of the grease indicating a high PAN concentration.
Grease sample scraped from the filter paper for all three
zake thicknesses (estimate 1/25 of the normal grease cake
thickness) contained 2.7 % PAN additive (approximately
0.0043 gm sorbed PAN associated with the filter paper). No
significant difference,in the amount of PAN on the filter
papers was observed for the different grease sample thick-

nesses,



TABLE VIL

Effect of Differcnt Thickness of Grease Cake on Egquilibriun

Concentration in Grease for Sorption and Extraction Experiment

.Grease Cake -Half Nornal ‘Double
Thickness Thickness Thickness Thickiness
Ixperiment cm) 0.238 0.476 C.952

Equilibrium
Concentration 1.42 1.3 1.26
(% PAN)

Direct | upper 1.30 | 1,28 1.26

Sorption Grease niddle 1,29 1.27 1.25
Analysis bottom 1,29 1,26 1.23

(%5 PAN)
I(S* 106 106 ]..\6
KS l. l+ 3. . L" 'la 1{.

Hguilibrium

Concentration 0.13 0.15 0.18

(%5 PAN)
Direct upper 0.13 0.15 0.17
wxtraction Grease middle 0,13 0.15 0.15
Analysis bottom 0,13 0.15 0,15

% PAN)
Ke 1.3 1.4 1.4

Ke* 1.6 1.6 1.6
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If the PAN associated with the filter paper is taken
into account in the mass balances on the exit oil, the

~corrected average PAN concentration in the grease are 1.28

{
/

per cent, 1.24 per cent and 1.23 per cent for half, normal

and double thicknesses of grease cake.,

Direct infrared analysis of the grease sample from the
half thickness sample cell gave 1.30 per cent PAN in the
upper layer and 1.29 per cent in both the middle and the
bottom layer. This shows that the PAN is uniformly distri-
buted throughout the grease, For the normal thickness
sample‘cell, the PAN concentration of the grease sample
varied from 1.28 per cent in the upper layer to 1.27 per
cent in the middle layer and 1.26 per cent in the bottom
layer. For the double thickness sample cell, the PAN con-
centration varied from 1.26 per cent in the upper layer to
1.25 pér cent in the middle and l.23 per cent in the bottom
layer. Thus, based on direct grease analysls, the equili-
brium cbncentrations of the PAN varied only from an average
of about 1.25 per cent to about 1.29 per cent as the cake
thickness varied by a factor of 4. The results of the
direct analyses of the greases are in good agreement with
the leues estimated from mass balances on PAN in the exit

oil, after corrections were made for the PAN sorbed on

the filter paper.
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5. Sorption Experiments on Different Silica Greases and

Aluminum Oxide Grease

The data for additive sorption in a number of greases
with different silica thickeners and in an aluminum oxide
thickener with one per cent PAN in the perneating oil
are showvn in Table X to Table XXXXI. The calculated results
are shown in Table VIII,

The equilibrium concentratiocn when oil containing one
per cent of PAN was permeated through the grease increased
from 1.07%* per cent for Santocel C to 1.36 per cent of
Santocel 7 as the surface area increased from 130 m /gu to
280 mz/gm. A similar but less pronounced trend with surface
area was observed with the QUSO and the Cab-0-31il grecoses,
However, the effect of surface area on final PAN concentra-
tion was less significant in the Acrosil series. The PAN
concentration in the aluminum oxide grease (0.96 per cent)
indicates that there is little or no interaction between

additive and this thickener.

*  All equilibrium concentrations corrected for PAN associliated

with the filter paper.
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SABLE  VIID

Summary of Sorption and Extraction Results for Silica

and Aluminum Oxide Grease

Sorption Extyraction

fhickener Kquil, Conc. Final — -

(e paw ) | KBS | BS®| w051, Conc. ¢ | Ke*

( % PAN )

Santocel C 1,07 1.5 1.7 .01 3.5¢1 1.7
Santecel 2 1.%6 1.3 1.6 0,13 1.31 1.6
Queo F-22 1.23 1.3 1.6 0,00 Loy | 1,7
Guso G352 1,20 L. 4 1.7 0.10 Lo} 1.7
Cab"“O"Sj-l 102!} 1.1} 106 003-5 l.t’-*- 106
H-~5
Car~0--3il 1.13 Lo 1.7 0.15 .41 1.7
M~5
ferosil 1.16 1.4 1.7 C.06 .4 .Y
2491
Aerosil 1.15 1.4 1.6 0.04 l.41 1.6
2491.~380
E&el‘OSil 1.13 loL} 107 0009 ch} 10?
MOX-170
Aerosil 1.13 1.l 1.6 0.C0 .41 1.6
Unconmp.
Alunminum 0,96 1.4 1.6 0.00 .4l 1.6
Oxide

# After correction for PAN assoclated with the filter paper.



C. Extraction of PAN Additive after Sorption Experiments

Extraction experiments using oil without additive were
carried out on the Cab-0-Sil thickened grease samples which
had reached equilibrium with the permeating oils containing
'1.00 %, 2.00 % and 3.00 % PAN., The final equilibrium PAN
concentrations are shown in Table VI. There was no signifi-
cant difference among the final concentrations of additive
in the greases. Infrared analyses for PAN in the greases
again gave good checks against the PAN estimates based on

the exit oil analyses,

Table VII shows the results of extraction experiments
following the sorption of PAN additive with half, normal
and double the thickness of Cab-0-~Sil silica grease cake,
There appears to be no significant difference among the
final concentrations of the additive in the grease sample.
Direct grease analyses again showed agreement with the PAN
‘concentrations calculated from the mass balances. The
grease sample scraped from the filter paper was analyzed
and had the same concentration as other layers of the
grease. This indicated that no appreciable amount of

additive remained associated with the filter paper.

For the extraction after sorption experiments on different
silica greases, only small amounts of PAN were retained
in all the greases. (see Table X to Table XXXXI and Table
VIII). The higher surface area Santocel 2 thickener |

~—.
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retained more PAN than the lower area Santocel €. For the
Cab-0-3ils there is little difference and for the Aerosils

and QUSO there is no apparent trend with surface area,



D. Rates of Sorption and Extraction of Additive

l. Sorption experiments

The sorption data were plotted as 1ogEl - (%PAN in grease /
equilibrium % of PAN in grease)] vs. (volume of effluent oil /
volume of grease sample) or log % vs. X for the purpose of
comparing the sofption rates., X is proportional to time as
the flow rate for each grease was constant. Thus, the use
of Vo/Vg permits comparison of equilibrium constants based
on permeating oil volumes so that comparison between greases

of different permeation rates can be made.

The semilogarithmic plots for all the greases studied
were approximately linear with negative slopes at the start
of the runs. A typical run is shown in Figure 8. The ini-
tial data appear to follow the first order rate equation

-KsX where Ks is the absolute numerical value of the

Z = e
slope times 2.303., As Z becomes less than O.l, any small
error in either term leads to a large error in 72, The values
of Ks determined from the initial slopes of the sorption
data raﬁge from 1.3 to 1.5, independent of PAN concentration

in the permeating oil, cake thickness or thickener type
(Table VI, VII and VIII).

For lithium greases using several concentrétions of PAN
in the permeating oil, Zakin, Tu and Lin (6) reported values
of Ks of 1.0 to 1.5 with the average 1.l. The values of Ks
for similar experiments with their modified élay thickened

greases were lower, ranging from 0.5 to l.O,with}an average
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l.o PR
Cab-0-Sil H-5 Gresase

L . '
0.5}

b ‘
O.Z L

4
i
O.l }
4
0.06 . X . . . . A .
1 2 5 L

X = Vbiume of Effluent Oil/Volume'of Grease

Figure 8 Reduced plot relating fraction of additive
sorbed vs. volume of effluent oil with 1 %

PAN (Slope of Ks )



of 0.7 (6). Comparing the values of Ks for silica, lithium
and Paragel greases, we find that the silica greases approach

equilibrivn more rapidly than the lithivm and Baragel greases.

Although the initial Ks values were independent of PAN
cpncentration in the oil, tetal volume of exit oil required
for equilibkrium concentrations of PAN in the silica greases
decreased as the concentration of PAN in the permeating oil
increased from avout 25 cc at 0.25 per cent to about 17 cc
at 3 per cent. This may be explained if we assume that
the rate at which additive sssoclates with the thickener is

slow compared with additive excharge with the oll phase in

ot

he gresase or with replacement of non-additive containing
oil by additive containing oil, At higher PAN councentra-
tions in the permeating odl, sorpntion on the thickener
cccurs more rapidly. If the surface sorption is the slower
process and its contribution to the total FAN concentration
in the grease Is smaller then the oil phase contribution,
the initial regions of plots of log ( 1 ~ Cgo/Cpo ) vs, X
(where Cgo is the PAN concentration in the oil phase of the
grease and Cpo is the PAN concentration in the permcating
0il.) should give a rate constant descriptive of the fast
process ocnly.* Plots of this type gave rate constant, Ks¥*,
values of about 1.6 and 1.7 for all runs (see Table VI, VII
and VIII). A sample plot is shown in Figure 9. Linear
regions generally extended to about the same X values but lower

ordinate values than the plots from which Ks values were

* A_ppendix» B



Cab--0--Sil H-5 Grease

0.5 1

Z = 1 = %PAN in Oil Phase / %PAN in Permeating 0il

0.06 L___ . . . . . . . . .

1 e 3 L
X = Volume of Effluent 0il/Voluwmre of Grease
Figure 9 Reduced plot relating fraction of additive

sorbed vs. volunme of effluent oil with 1 %
PAN (Slope of Ks* )
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ohtained. Recalculation of Lin's data gave average Ks* values

of L.4 for lithium greases and 0.9 for coated clay greases.

The data rfall off faster than the initial rate line at
high values of X, This may be a region where the rates of
both processes are of the same magnitude. While it is true
that the data in this: region are subject to large errors
because the small differences between two large concentra-
ticns appear in the grdinate, the deviations are consistently
to the left of the extended initial rate line, suggesting
that separate mechanisms of the type described above may be

oceuring.

Thus, Ks* values are only for the first effect described
above, that is they mensure the ability of permeating oil to
replace the oil phase in the grease or to exchange additive
vrith it. One couvld speculate that high Ks* velues should be
found in grease structures where the oil is held less
"gightly" by the thickener and hence is more easily replaced
or is at least more accessible. In general these silica
greases had lower thickener concentrations (and higher permea-
bility coefficients) than the lithium and modified clay
greases described above, The differences in the level of Ks*
valnes could be due to differences in thickener charactervistics
and/or in thickener concentration. A study of Ks* wvalues as
a function of thickener concentration for a single thickener

would be helpful in determining the importance of this

variable.



2., Extraction experiments

The extraction data were plotted as log[(% PAN in grease
- final % PAN) / (original % PAN in grease - final % PAN)]
vs. (volume of effluent o0il / volume of greoss) or log ¥ vs.
X+ The semilogarithmic plots were also approximately linear
with negative slopes at the start of the runs. A typical
mm is shown in Figure 10, The initial data appear to follow
the first order rate equation ¥ = e ¥eX irere Ke is the
absolute numerical valﬁe of the slope times 2.303. The
values of Ke determined from the initial slopes of the ex-
traction data range from l.3 to 1.4, For lithlium grease,

the values of Ke varied from 1.0 to 1l.)l. For the nmodified

clay base grease, the value of Ke veried from 0.8 to 1.0 (6).

The extraction data were also plotted as log (Cgo/Cgoi)

vs. X where Cgo is the PAN concentration in oil phase of tlhs

ol

grease at any time t and Cgoi is the original PAN concentra-

tion in oil phase of the grease,*

Plots of this type gave rate constant, Ke*, values of
about 1.5 and 1.7 (see Table VI, VII and VIII)., The average
Ke and Ke* values for silica greases and the aluminum oxide

d Ks* values. This

:

grease are clcse to thedir average Ks
same result was observed with the coated c¢lay and lithium
greases. Generally, this means that the rate limiting step
at low X values is the same for sorption and extraction
experiments,

* Appendix B
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Cap~0=Sil H~5 Grease
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Volume of Effluent 0il/Volume of Grease

b
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Figure 10 Reduced plot of fraction of additive
removed vs. effluent oil volume
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V. CONCLUSIONS

l. Permeability coefficients for greases thickened with 6
per cent of silica and aluminum oxide thickener varied

"em* to 168 x 10™ cm® with the level

from about 20.1 x 10
of the permeability coefficient of a grease generally
related to the level of the worked penetration.

2. In general for any thickener type the permeability co-
efficient decreased with increase in surface area of the
‘thickener.

3. After sorption experiments with permeating oils contain-
ing 0.25 to 3.0 per cent of PAN through greases contain-
ing 6 per cent of Cab-0-Sil H-5 thickener, the amount
of PAN associated with the thickener at equilibrium
increased with the concentration of the additive in the
permeating oil from 0.03 gm per gm to O0.1l3 gm per gm.

4. In sorption experiments with 1.0 per cent of PAN in the
permeating oil passing through silica greases of 6 per
cent thickener content, the equilibrium concentration
generally increased with surface area for each silica
thickener type. The effect was most noticeable for
Santocel greases and least for Aerosil greases.,

There is little or no interaction between the PAN
additive and aluminum oxide thickener.

5. Initial first order rate constants for additive concen-
tration changes in the grease (Ks) and constants for
concentration changes in the oil phase (Ks*) obtained

from sorption data were independent of the type of silica
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thickener. Initial constants for the extraction experiments
(Ke and Ke*) were also independent of the type of silica
thickener and were equal to the equivalent sorption rate

constants.

The rate constants appear to be a function of thickener
characteristics and/or thickener content and are independent
of the thickness of the grease sample studied over a range
of thickness of 4 : 1. The silica greases studied here
approach equilibrium more rapidly than the lithium and
coated clay greases of higher thickener content studied

earlier.
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VII., APPENDIX
A, Sample Calculations

L. Permeability coefficient calculation

Permeability coefficient calculation of the sample grease.
is based on Darcy's law. A typlcal calculation with silica
grease thickened with 6 % Aerosil 2491-380 thickener is
shown below:

The equation used for this calculation is:

2 2

I(:VLRP/RS ISR I IR IR N B B S NR N S A (1)
&

B o K a(1lnx h) (2)

dt ® 5 0o e 2 o s 0 o s

where y : kinematic viscesity of the oil = 219 CSTKS at

77" F.
Ap : area of pipette = 0,2623 cm”
As : area of grease sample = 15.55 cm”
R:/Rs: ratio of Ap/As = 0,01685
L : sample thickness = 0.476 cm
K 2})sz/As _ (219 x 1dagé8:gg6><o.01685)= 1.79 x 16" em™

From BEquation (2) the plots of In h vs. t should be
linear, The slope of the line is:

dlnh In 22,4 - In 10,35 <3
g6 =7 (12 - O)x %600 177 x 10

The slope of the curve cen best be calculated by a least
squares analysis. A typical least squares program is shown

in Section B.
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B = (1.79 x 10°) ( 1.77 x 16°) = 31.68 x 10 om®
This permeability coefficient includes the screens, filtérs
and the greése sample, The permeability of the grease can |
be obtained by correction for the resistances of the screens

and filters.

By running a blank experiment with the same screens and
filters and with the oil J, but no grease sample, the per-
meability coefficient, B., of the screens and filters can
be obtained.

B~ 5.56 x 10 x —in (29.1 / 10.2) .

The total resistance is the sum of the individual
resistances, ’
1/B = 1/B. + 1/Bc
where B is the total permeability of the grease sample and
Pc is the permeability of the grease itself.

- -9
_ B x B, _ _ (31,68 x 10 )( 9.5 x 10 )
=B, - B T (9.5 x 10" - (31.68 x 10™)

Be

T
= 32,8 x 10 cm
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2. Serption and extraction calculation

In the sorption and extraction experiments, the least
squares method was used to smooth the PAN concentration
vs. exit o0il volume data and Simpson's rule was used to
calculate the area under the curve., A computer program was
written for the sorption experiments with 0,25, 0.5, 1.0,
2.0, 3.0 % PAN in the permeating oil and for the extraction

calculations,

3. Sorption rate equation
Cgo = Conc, of PAN in oil phase of the grease,.
Cpo = Cocnc., of PAN in the permeating oil.
Vo = Veolume of exit oil.
Vg = Volume of grease.
For first order reaction

%%59-: k ( Cpo - Cgo )
i‘

( aCgo :Jl{dt
[

J Cpo - Cgo
In ( Cpo - Cgo ) = ~kt + C

At t = O. Cpo - Cgo = Cpo
, Cpo ~ Cgo _ _ _ Vo
in CPO = kt = K ( 'Vg )
Cgo y _ Vo
111( de —Cbo ) = A ( Vg )

L4, Bxiraction Rate Equation.
Cgo = PAN Conc. in oil phase of the grease at time t.
Cgoi = Original PAN Conc. in oil phase of the grease.
Cpo = Conc. of PAN in the permeating oil,

_4Cgo _ i ( Cgo - Cpo )



In( Cgo = Cpo ) = -kdt + C

At t = O.
In{ Cgod ) = C
¢ C80 = Cpo y _ v+ . Vo,
In(—= Cadi ) = -kt = K evg
Cpo ——0,
C0 Vo
1_ —ld o K —
n( (Vg

Cgoi

On

v



B. Conputer Progranm
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TABLE IX A,

DATA FOR PERMEABILITY TESTS ON SILICA GREASE
(6 % SANTOCEL SILICA Z THICKENER)

RUN 1 RUN 2 RUN 3
TIME HEIGHT
(hrs) (cn)
o) 18.20 22.50 25.00
0.5 - 17,70 22.00 21,30
1 17.10 21.40 23,60
1.5 16.70 20.70 22.80
2 16.10 20,10 22.20
2.5 15.70 19.60 21.80
3 15.20 19.00 - 21,00
A 14,30 18.00 19,80
5 13.50 17.00 18,70
6 12.80 16.00 17.60
? 12,00 - 15.10 16.70
8 11.30 14.30 15,70
9 10.70 13.50 . 14.80
10 10.10 1.2.80 14,00




TABLE IX B.

DATA FOR PERMEABILITY TESTS ON SILICA GREASE
(6 % SANTQCEL SILICA C THICKENER)

RUN 1 RUN 2 RUN 3
PIME HEIGHT
(bhxrs) (cm)
0 22.40 26.50 28.10
1 18.50 20.00 21.80
2 14,00 15.20 16.70
3 10.60 11.50 12,70
I 8.10 8.80 9.80
5 6.20 6.70 7.40
6 4.70 5.10 5.60
7 3.60 3,80 4.30
8 2,70 2.90 3.30
9 2.00 . 2.20 2.50
10 1.55 1.70 1.90




TABLE IX C,

71

DATA FOR PERMEABILITY TESTS ON SILICA GREASE

(6 % QUSO SILICA F-22 THICKENER)

RUN 1 RUN 2 RUN 3

TIME HEIGHT

(hrs) (cm)
0 22,50 28.50 26.80
0.5 20.90 26.70 24,80
1 19.500 24.80 23,20
1.5 18.50 23.50 21,60
2 17.10 21..90 20,310
2.5 15.70 20.50 18.80
3 14.80 19.20 17.70
L 13,00 16.70 15.60
5 11.10 14.60 13.50
6 9,70 12.60 - 11.80
7 8.50 11.00 10.30
8 7 .40 9.50 &.90
9 6.40 8.35 7.80

10 5.60 7.+30 6.80




TABLE IX D.

DATA FOR PERMEABILITY TESTS ON SILICA GREASE
(6 % QUSO SILICA PG-32 THICKENER)

RUN 1 RUN 2 RUN 3

TIME HEIGHT

(hrs) (cm)
0 214,80 23,60 21..90
0.5 22,60 20,00 21.40
1 20.70 19.50 18.20
1.5 - 18.70 17.70 16.50
2 17.10 - 16.20 14.90
2.5 15.40 14.70 13,60
3 14.00 13,30 12,40
3.5 12.80 12,10 11.30
L 11.70 10.90 10.20
4.5 10.60 9.30 10.00
5 - 9.60 9,10 8.40
5.5 8.70 7.70 8.20
6 8.00 7.50 7.00
7 6.60 6.20 5.70
& 5.40 5.10 1..70
9 L.50 4,20 3.90
10 3.70 3.50 3.20




TABLE IX E,

73

DATA FOR PERMEABILITY TESTS ON SILICA GREASE
(6 % AEROSIL UNCOMPRESSED THICKENER)

RUN 1 RUN 2 RUN 3

TIME HEIGHT

(hrs) (cm)

- Q. 19.30 26.90 2L .80
1 18.40 25.81 23.70
2 17.75 25.00 22,70
2¢5 17.40 24,3, 22.31
3 17.18 24,02 21.82
L 16.49 22.70 20.80
5 15,90 21.90 20,02
6 15.31 2L.03 19.30
7 14,60 20.11 19.02
8 14,13 19.40 17.80
9 13.52 1.8.60 17,11

10 13,01 17.90 16.99




TABLE IX ¥,

Data for Permeability Tests on Silica Grease
(6 % Aerosil 2,,91~380 Thickener)

Run 1 Run 2 Run 3
Time Height
(hrs) (em)
0O 224 21.2 25.2
1 2l.5 19.9 23.6
2 20,0 18.7 22.1
3 18.6 17.5 20,7
I 17.6 16.5 19.3
5 16.7 15.4 18.1
6 16.0 1.7 16.9
2 14.6 - 13.6 15.8
8 13.6 2.7 14.8
9 12.8 12.0 13.8
10 11.9 11.3 13.0




TABLE IX G.

Data for Permeability Tests on Silica Grease
(6 % Aerosil 2491 Thickener)

Run 1 Run 2 Run 3%
Time Height
{hrs) (cm)
0] 2l.h 23.9 22.8
1 20.1 22.2 21.3
2 18.6 20,7 20.0
3 17.6 19.5 18.5
4 16.5 18.1 17.3
5 15.4 16.8 16.2
6 1h.5 1Z.7 15.1
7 13.5 4.7 14.2
8 12.6 13.8 13.8
9 11.7 12.3 12.8
10 10.8 11.5 12.0




TABLE IX H,

Data for Permeability Tests on Silica Grease
(6 % Aerosil MOX-170 Thickener)

Run 1 Run 2 Run 3

Time Height

(hrs) (cm)
o) 21.6 2242 23.2
1 19.7 20,1 2l.l4
2 17.9 18.6° 19.8
3 16.5 16.7 17.8
L 15.1 15.4 16.3
5 13.8 14,1 14.9
& 12.5 12.8 13.5
7 11.6 11,7 i2.4
8 10.4 10.7 11.4
9 9.7 9.9 10.8
10

8.8 9‘1 905




TABLE IX I.

Data for Permeability Tests on Alunminum Grease
(6 %4 Aluminum Oxide Thickener)

Run 1 Run 2 Run 3
Time Height
(hrs) ' (cn)
o 26.30 23.30 214,80
1 20,20 17,70 18.70
2 15.50 13.50 . 14,20
3 11.20 10,00 10.70
L. 8.2.5 755 8.10
5 6.25 5.70 6.10
6: L,65 4,35 I 65
7 3.67 3.30 3.50
8 2.60 245 2.60
9 2.00 1.80 2.00

10 1.50 1.40 1.50
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