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ABSTRACT

A new class of improved reverse osmosis membranes, for
casting solutions containing cellulose acetate, acetone and
formamide, was developed based on the approach investigated
earlier for aqueous magnesium-perchlorate-based membranes.
The effects of casting solution composition and evaporation
period on the performance of resulting porous cellulose acetate
membranes have been studied, and the results, discussed in
terms of casting solution structure, solvent evaporation rate
during film formation and the film shrinkage temperature pro-
file. The development of Batch 400 type porous cellulose
acetate membranes is reported. Their productivities at 90%
level of solute separation and feed flow conditions corres-
ponding to a mass transfer coefficient of 45 x 10"4 cm/sec
are approximately 22 gallons/day/sq. ft. at 250 psig and
using 3500 ppm of NaCl in the feed and approximately 53.5
gallons/day/sq. ft. at 600 psig using 5000 ppm of NaCl in the
feed.
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NOMENCLATURE

pure water permeability constant, g-mol H,0

2
cm sec atm

activity of water in aqueous solution

-1 -1
evaporation rate value, grams (cmz) min

molar density of solution, g-mol per cc.

molar density of feed solution, concentrated
boundary solution, and the product solution,
respectively, g-mol per cc.

molar density of solution in the membrane phase,
g-mol per cc.

molar density of solution in the membrane phase
in equilibrium with ;2 and 35 respectively,
g-mol per cc.

diffusivity of solute in water, cm? per sec,
diffusivity of solute in membrane phase, cm2 per sec.
solute transport parameter, cm per sec.

fraction solute separation

proportionality constant defined by Equation 10.
mass transfer coefficient on the high pressure side
of membrane, cm per sec.

thickness of the concentrated boundary solution

molecular weight of water
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Greek Letters

effective thickness of membrane, cm.

normal distance towards membrane measured from
edge of the concentrated boundary solution, cm.
osmotic pressure of solution, atm.

osmotic pressure of solution corresponding to
mole fraction Xj of solute, atm.

osmotic coefficient



LITERATURE SURVEY

The reverse osmosis process is a general and widely
applicable technique for the separation, concentration, or
fractionation of inorganic or organic substances in aqueous
or nonaqueous solutions in the liquid or the gaseous phase.
The technique consists in letting the fluid mixture flow,
under pressure, through an appropriate porous membrane, and
withdrawing the membrane permeated product generally at atmos-
pheric pressure and surrounding temperature; the product is
enriched in one or more constituents of the mixture, leaving
a concentrated solution on the upstream side of the membrane.
No heating of the membrane and ﬁo phase change in product
recovery are involved.

This process is a new development in the field of solute-
solvent separation. Its most significant current application
is in the field of water treatment, in general, and saline
water conversion, in particular, for which porous cellulose
acetate membranes have been found appropriate.

1. "Osmosis" and "Reverse Osmosis"

The term "Osmosis" is familiarly used to describe the
spontaneous flow of pure water into an aqueous solution, or
from a less to a more concentrated aqueous solution, when
separated by a suitable membrane. In order to obtain potable
water from saline water in a similar process, the direction

of flow of the pure water must be reversed, i.e. pure water



must flow from a more to a less concentrated solution. Con-
sequently the latter process has been conveniently termed
"Reverse Osmosis". This term has now gained such wide popular
usage that it seems necessary to point out that the process
is not restricted to the passage of water from aqueous solutions,
and that it is not restricted to 100 per cent solute separation,
and that neither "osmosis" nor "reverse osmosis" is an explana-
tion of the mechanism of the process involved, and hence it
is misleading to explain "reverse osmosis" as the reverse of
"osmosis". Under isothermal conditions, in both "osmosis" and
"reverse osmosis", the preferential transport of material through
the membrane is always in the direction of lower chemical poten-
tial. This is a thermodynamic requirement, and it does not,
and cannot, specify which component, if any, of a solution will
be preferentially transported through a given membrane, and the
mechanism by which such transport takes place. In the literature,
the "osmosis" process is always associated with the existence
of a "semipermeable" membrane; the cause of such semipermeability
however continues to remain obscure. Hence it must be under-
stood that the mechanism of both "osmosis" and "reverse osmosis"
is still an open question, and the distinction between the two
terms is entirely one of arbitrary convention and popular usage.
Based on the transport of water from aqueous solutions due
to the chemical potential gradient, a variety of membrane sepa-
ration processes can be developed as indicated in Figure 1.

The discussion in this work is restricted to the transport
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A solution-diffusion mechanism is favored by Lonsdale
et al (36-39,44), whose transport equations are apparently
limited to their concept of "perfect!" membranes, which are
presumably those which have a completely nonporous surface
structure. Banks and Sharples (1-3),also consider that the
mechanism of reverse osmosis is one of diffusive flow through
the pore-free layer on the membrane surface. According to
Michaels et al (42), water transport in reverse osmosis is by
molecular diffusion through the polymer matrix, and solute
transport is by parallel mechanisms involving sorption, |
activated diffusion, and hydrodynamic flow. According to
Sherwood et al (46), water and soluté cross the membrane by
parallel processes of diffusion and pore flow. The reverse
osmosis process has also been interpreted in terms of non-
equilibrium thermodynamics by several workers.

3. Preferential Sorption-Capillary Flow Mechanism

This has been discussed in detail by Sourirajan (47).
According to this mebhanism, reverse osmosis separation is the
combined result of én interfacial phenomenon and fluid transport
under pressure through capillary pores, and the appropriate
membrane is a porous medium at all levels of solute separation.
That the membrane surface is porous and heterogeneous, and
that the transport of both the preferentially sorbed water
and the aqueous solution is through the capillary pores in the

membrane surface, are concepts fundamental to this approach.

&



FIGURE 2

SCHEMATIC REPRESENTATION OF PREFERENTTIAL

SORPTION-CAPILLARY FLOW MECHANISM. (47)
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FIGURE 3

CRITICAL PORE DIAMETER FOR MAXIMUM

SEPARATION AND PERMEABILITY. (47)
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degree of solute separation is possible, depending on the
porous structure of the membrane and other operating con-
ditions. These two characteristics are borne out experi-
méntally.

From an industrial standpoint, the application of the
reverse osmosis techniques for a given separation problem
involves essentially the problem of choosing the appropriate
chemical nature of the film surface and developing methods
for making films containing the largest number of pores of
the required size on the area of the film at the interface.
This approach formed the basis of the successful development
of the Loeb-Sourirajan-type porous cellulose acetate membranes
for saline water conversion and similar applications.

4. Microporous Nature of Surface Léyer in Reverse Osmosis

Membrane
The practical consequence of the microporous nature of
the surface layer in the reverse osmosis membrane constitutes
the basis of the work of Kopedek and Sourirajan (19-22). This
basis is also supported by the theoretical work of Glueckauf
(6), and Meares (41), and the following three important experi-
mental observations with respect to the Loeb-Sourirajan type

porous cellulose acetate membranes.

A) Shrinkage Temperature vs Solute Separation and Product Rate
Using a 0.5 M [NaCl-Hzo] feed solution, at an operating

pressure of 1,500 psig, a membrane without any prior thermal
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tfeatment gives very high product rate ( >300 gal/day/sq. ft.)
and very little solute separation. These data indicate that
the surface of a typical untreated membrane is quite porous.

Solute separation can be progressively increased by
heating the membrane under water for short periods of time as
stated earlier. The effect of temperature treatment then is
to shrink the size of the pores on the membrane surface.

When the shrinkage temperature is increased, the size of the
pores on the membrane surface becomes smaller; consequently
solute separation increases, and product rate decreases.
This is illustrated in Figure 4 which gives the results ob-
tained with several films shrunk at different temperatures.

On progressively increasing the shrinkage temperature,
solute separation can be increased to levels >98 or 99%, and
still good product rates can be obtained. There is nothing
to indicate however that at this stage the pores on the mem-
brane surface have been closed, and the membrane surface has
become essentially nonporous; on the contrary, the following
data indicate that the membrane surface still remains micro-
porous.

On increasing the shrinkage temperature still further
after reaching the stage of 98 to ~100% solute separation,
the product rate does not remain constant (as we would expect
if the membrane surface is nonporous), but it is reduced still

further indicating that the size of the pores on the membrane
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FIGURE 4

BEHAVIOUR OF SOME POROUS CELLULOSE~ACETATE

MEMBRANES AT DIFFERENT SHRINKAGE TEMPERATURES. (47)
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surface are getting still further reduced. This thermal
pretreatment procedure can be carried far enoﬁgh to close
practically all the pores on the membrane surface and reduce
the product rate to negligible levels. This is illustrated
in Figure 5 with respect to the CA-NRC-18 type films.

The above shrinkage temperature-product rate profile
obtained under conditions of high solute separation (near
100%) cannot be attributed to any steep increase in effective
film thickness brought about by high shrinkage-temperature,
for at least two reasons. First, the shrinkage temperature-
product rate profile is different for films cast under dif-
ferent conditions; whatever be the above profile, the behaviour
of the films is similar. Secondly, any steep increase in
thickness of the surface layer at any temperature should also
result in an abrupt change in the mechanical properties of
the film at that temperature; Keilin et al (7-10) found no
abrupt changes in the mechanical properties of the porous
cellulose acetate membranes in a wide range of temperature.

The above observations indicate that even at the near
100% level of solute separation, the Loeb-Sourirajan type
porous cellulose acetate membranes have microporous surface
structure.

B) Effect of Temperature on Pure Water Permeability Constant, A

The pure water permeability, [PWP], data (expressed as A

in g.mole H,0/sq. cm. sec. atm.) for a set of four different
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FIGURE 5

PERFORMANCE OF B-18 TYPE MEMBRANES. (47)

B
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CA-NRC-18 type films were obtained in the operating tempera-~
ture range 6 to 36°C. The films were shrunk at different
temperatures and hence capable of giving different levels of
solute separation. With a 0.5 M [NaCl-H,0] feed solution at
1,500 psig, the films 23, 24, 25, and 26 gave solute separations
of 28.2, 49.0, 68.9, and 97.1% respectively; the pure water
permeability constant A increased with increase in operating
temperature, and A multiplied by the viscosity of water at

the operating temperature remained constant for all the films
tested as illustrated in Figure 6. These results indicate that
fluid flow through each of the above films is essentially viscous,
and the mechanism of fluid transport is the same for all the
films tested, and hence all the above films have microporous
surface structures, and they differ essentially in the magnitude
of the average size of their surface pores.

C) Pure Water Permeability Constant, A, vs Solute Transport

Parameter, (Dj/Ké)

The values of A (which expresses pure water permeability),
and (Dpy/K8) for NaCl (which is analogous to a mass transfer
coefficient for solute transport) for a number of CA-NRC-18
type films were determined by the Kimura-Sourirajan analysis.
An increase in the value of A corresponds to an increase in
the average pore size on the membrane surface. The films
chosen covered a wide range of solute separation; for example,

with respect to a 0.5 M feed solution, films Gl and 12 gave
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FIGURE 6

EFFECT OF OPERATING TEMPERATURE ON THE
PURE WATER PERMEABILITY CONSTANT A MULTIPLIED

BY THE VISCOSITY OF WATER, u AT THE

W’
OPERATING TEMPERATURE. (47)
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98.9 and 18.7% solute separation respectively; the other
films gave intermediate levels of solute separation. A log-
log plot of A vs (DAM/KG) is shown in Figure 7. The absence
of any abrupt discontinuity in the A vs (Dgy/Ké) correlation
shows that the mechanism of solute and solvent transport in
film Gl is no different from that in film 12, which again
means that all the above films had microporous surface struc-
tures, and they differed only in the magnitude of the average
size of their surface pores.

5. Method for Improving the Performance of Porous Cellulose

Acetate Membranes

The preferential sorption-capillary flow mechanism offers
several approaches to the problem of improving the performance
of porous cellulose acetate membranes (i.e. increasing their
product rates without decreasing solute separation): (i) the
effective thickness of the membrane (especially the thickness
of the microporous surface layer controlling solute separation)
may be reduced; (ii) the absolute number of pores of appropriate
size on the microporous surface layer may be increased; (iii)
the rigidity of the overall porous structure of the membrané
may be altered so that membrane compaction is less during con-
tinuous operation under pressure, and/or (iv) the number; pore
size and pore size distribution on the microporous surface
layer of a given membrane may be altered such that increased

permeability results without decreasing solute separation.
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THEORETICAL CONSIDERATIONS

1. Transport Through Reverse Osmosis Membranes

The following discussion is restricted to isothermal
reverse osmosis separation process involving binary aqueous
solution systems and Loeb-Sourirajan-type porous cellulose
acetate membranes having a preferential sorption for water
from the aqueous solution under consideration. Unless other-

wise stated, all data presented in this work are for 25°C.

A) Osmotic pressure. The osmotic pressure, r, of a solution

is given by the relationships of:

= -RT 1n a (1)
X w
= Zi RT Mg mg (2)
1000 V,

The values of 7 for many solutions can be calculated from
the activity (a,) or the osmotic coefficient (g) data available
in the literature (45).

B) Concentration polarization. The existence and the con-

tinuous withdrawal of the preferentially sorbed interfacial
layer along with the bulk feed solution through the porous
membrane give rise to a product solution less concentrated

than the feed solution and a more concentrated boundary solution
between the interfacial region on the membrane surface and the
bulk feed solution. Consequently, under steady-state operating

conditions, there arises a concentration gradient between the
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boundary solution and the bulk feed solution (Figure 8).

This concentration gradient, called "concentration polar-
ization", has important effects on the performance of reverse
osmosis systems.

With respect to a given membrane-solution system, the
magnitude of the interfacial region is a function of the con-
centration of the boundary solution, and the effective driving
pressure (AP) for fluid flow through the membrane is the
operatihg pressure, P, minus the difference between the osmotic
pressure of the concentrated boundary solution, 7(Xp9), and
that of the membrane permeated product solution,r(XAz).

C) Maximum separation. Under the reverse osmosis operating

conditions,
AP = P - Ay (3)
and

Ar= ”(XAZ) - T(XAs) (4)

For the limiting case, when the mass transfer coefficient on
the high pressure side of the membrane tends to infinity,
r(XAz) approaches the osmotic pressure of the feed solution,
m(Xp1) -

When P is equal to or less than r(XAZ), Equation 3 also
gives the maximum solute separation possible in this process

whatever membrane is used, under which condition

Ar =P, and AP = 0 (5)

If we use Equation 5 and let n(Xp,) = 7(X41), Figure 9 gives

the plot of the maximum solute separation possible (f max)
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FIGURE 8

REVERSE 0SMOSIS PROCESS UNDER STEADY-STATE CONDITIONS. (47)
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FIGURE 9

MAXIMUM POSSIBLE SOLUTE SEPARATIONS
FOR THE SYSTEM SODIUM CHLORIDE~WATER IN
THE REVERSE OSMOSIS PROCESS AT DIFFERENT

OPERATING PRESSURES AND FEED CONCENTRATIONS. (47)

R A
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for the system sodium chloride-water at different operating
pressures and feed concentrations. Figure 9 illustrates the
thermodynamic significance of osmotic pressure as applied to
this separation process.

When P is equal to or less than ”(XAl)’ the values of
f max given in Figure 9 correspond to the condition that the
product rate is zero; when P is greater than w(XAl), there is
no thermodynamic limitation to the extent of solute separation
and product rate obtainable in this process.

While Equation 3 is true whatever the value of the osmotic
pressure of the feed solution, it says nothing about the separa-
tion characteristics of any membrane. In other words, the
actual performance of any particular membrane with respect to
a given solution system depends, not only on the osmotic pressure
of the feed solution, but also on the physical and chemical
nature of the membrane.

2. Kimura-Sourirajan Analysis of Reverse Osmosis Experimental

Data_
This analysis (11-16) is applicable for the entire possible
range of solute separations in the reverse osmosis process, In
this analysis, PWP is directly proportional to the operating
pressure, and the proportionality constant obtained is called the
pure water permeability constant, A; the transport of solvent
water Np, through the membrane is proportional to the effective

pressure where the proportionality constant is A; the transport
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Equation 8 is applicable for systems where the kinematic
viscosity of the product solution is not too different from
that of pure water. This condition is reasonably satisfied
in most cases of practical interest.

There is no easy method to determine Xpo experimentally.

Hence, one cannot be certain that X, calculated from

Equation 8 is the true value of Xp2+ This uncertainty, however,

is no limitation in the Kimura-Sourirajan analysis so long
as the correlation between the solute transport parameter

(discussed below) and Xp, can be specified on the basis of
Equation 8.

Transport of solute (NA) through membrane phase:

Ny = Dam (eyp Xamp - oM3 Xam3) (9)

8
None of the quantities on the right side of Equation 9 are
known, and the dividing line in the membrane phase between
the regions corresponding to Xy, and Xpmq3 is only conceptual.
Equation 9 can be transformed into one containing measurable
quantities and a group of unknown quantities by assuming a
simple linear relationship between Xp (concentration in the
solution phase) and XM (concentration in the membrane phase).
Thus let

c Xp =K oy Xy (10)

so that

and cjy XA3 = K om3 XAM3 (12)
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the surface of the membrane. That this is true has been
shown experimentally, as illustrated in Figure 10, for the
system sodium chloride-water.

Mass transfer on the high-pressure side of the membrane:

The solute transfer from the concentrated boundary solution

may be represented by the relation (12)

Ny = X, (Np + Ng) - Dyg ¢  dXu (17)
ar
or, by use of Equation 14,
Xy - (Ny + Ng) X, = - (Ny + Ng) Xy, (18)
a4 ¢ Dap c1 Dap

where { represents normal distance toward membrane measured
from edge of the concentrated boundary solution. Equation 17,
expressing Np as the resultant of two vector quantities, is a
form of Fick's first law of diffusion. Under steady-state
conditions, (Njp + Ng) is the total flux through the membrane,
and Equation 17 is applicable at any point in the reverse
osmosis system. The boundary conditions for Equation 18 are

when
£=0, Xp =X (19)

and when
§‘= l, XA = XAZ (20)
Solving Equation 18:
Xp2 = Xp3 + (Xay = X,4) exp. [(NA + Ng) 1 ] (21)

Cl DAB

or
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FIGURE 10

CONCENTRATION OF SOLUTE IN THE BOUNDARY
SOLUTION VS THAT IN THE PRODUCT SOLUTION FOR

THE SYSTEM SODIUM CHLORIDE-WATER. (47)
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In [%4, =%, = (g + () 1 (22)

Al - X3 ¢ Dap

Defining the mass transfer coefficient, k, on the high-
pressure side of the membrane in the conventional manner of
the film theory:

k = Dup (23)

and by use of Equations 14 and 15

R s (24)
Xa1 - Xag ke (1- x,,)
or

Xp1 - Xa3

From the foregoing analysis, Equations 6, 8, 16, and 25 emerge
as a set of basic equations describing the solute and solvent
transport in a reverse osmosis process involving binary aqueous
solutions and membranes having a preferential sorption for water
from such aqueous solutions. For many solutions of practical
interest, such as sodium-chloride-water, the molar density (c)
may be assumed constant - i.e.,

C =rc3 =cy = cyg
so that the basic transport equations in reverse osmosis may

be summarized as follows:

A = PWP (6)
MBXSX3600XP
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and Sourirajan, (23) the above two temperatures constitute
two separate variables. |

The emergence of Batch 301 type membranes is the result
of a new approach to the general problem of developing more
productive reverse osmosis membranes. In this approach, the
state or the structure of the casting solution and the rate
of solvent evaporation during film formation together consti-
tute an important interconnected variable governing the ultimate
porous structure, and hence the performance of the resulting
membranes in reverse osmosis.
| The distinguishing feature of the new approach to reverse
osmosis membrane research described above lies in the analysis
of the usual film casting variables in terms of correlating
membrane performance data with the casting solution structure,
solvent evaporation rate during film formation, and the shrink-
age temperature profile. The above approach forms the basis
of this work which extends the earlier investigations on the
cellulose acetate-acetone-aqueous magnesium perchlorate
casting solution system to the cellulose acetate-acetone-
formamide casting solution system with particular reference
to the effects of changes in the casting solution composition
and in the nature and temperature of the casting atmosphere
on the performance of the resulting membranes. This work has
led to the development of Batch 400 type porous cellulose
acetate membranes which give the same performance as Batch 316

type membranes (Fig. 11) for low pressure reverse osmosis

desalination and other applications.



FIGURE 11

COMPARATIVE PERFORMANCE AND SHRINKAGE

PROFILE OF BATCH 400 MEMBRANES AT 250 PSIG

:
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FIGURE 12

REVERSE OSMOSIS CELL.

(47)
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is shown in Figure 13. A positive displacement pump was used

to pump the feed solution under pressure through the cell. All
parts of the pump coming into contact with the feed liquid were
made of stainless steel. The surge tank, a stainless steel

high pressure cylinder (2-inches 0.D, x 1 1/2-inches I.D. x

14 inches high), was used to minimize the pressure fluctuations

in the cell. A porous stainless steel plate specified to have
pores of average size equal to 5 microns was mounted between the
pump and the cell to act as a filter for dust particles which
might otherwise clog the pores on the membrane surface. Under

the operating conditions the fluid pressure in the cell was
indicated by a liquid sealed Ashcroft pressure gauge. The purge
valve was used to drain the system whenever necessary. A stain-
less steel Grove pressure regulator was used to maintain a con-
stant operating pressure in the cell. Nitrogen gas under pressure
from commercial gas cylinders was used to load the dome of the
Grove regulator. Monel metal high pressure tubings and HIP high
pressure fittings made of 316 Stainless Steel were used throughout
the system.

Six cells were used in series - (only one cell illustrated
in Figure 13) - so that six different membranes could be tested
at the same time. Samples of the feed solution entering each
cell could be drawn separately, if necessary. Membranes shrunk
at different temperatures were used to give different levels of

solute separation at a given set of operating conditions. Unless
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FIGURE 13

SCHEMATIC FLOW DIAGRAM OF APPARATUS. (47)

s
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otherwise stated, the experiments were of the short run type,
each lasting for about 2 hours; they were carried out at the
laboratory temperature; the effective area of the film used
was 7.6 sq. cm., the reported product rates were those corrected
to 25°C. using the relative viscosity and density data for pure
water.
3. Membrane preparation procedure.

The preparation of reverse osmosis membrane consists of
five main steps: 1) stirring and 2) casting of the casting
solution, 3) shrinking and 4) pressurization of the membrane
and 5) the reverse osmosis run itself. The film-casting solution
contains cellulose acetate (acetyl content 39.8%, ASIM Visc. 3),
acetone (reagent A.C.S.), and formamide and is stirred by a
rotatory motor in a glass bottle for 24 hours. With the above
solution, membranes are cast on flat glass plates either at
laboratory or lower temperatures. After it is cast, part of
the solvent is allowed to evaporate for a definite period from
the surface of the membrane at the casting temperature. This is
followed by immersing the membrane in ice cold water for at least
12 hours; during the immersion time, the film sets to a gel, from
which the formamide and the solvent (acetone) are leached out,
leaving a tough solid porous film on the flat surface, from which
it can be removed easily. All details relating to the casting-
solution composition, stirring, evaporation, and gelation steps
are important in developing successful reverse osmosis membranes.
These membranes are always stored at laboratory temperature, and

under water since on drying in the air, their porous structure
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generally changes irreversibly. Films cast in the above manner
have a relatively dense microporous structure (pore size probably
<508) on an extremely thin layer (about 10~5 in.) of the film
surface which was exposed to the atmosphere during casting; this
side of the film is called the "surface layer side", and the
other side, the "back side™. The remainder of the film material
underneath this thin surface layer is a spongy porous mass con-
taining, comparatively, very big pores (~—4000X). Consequently,
the above films are said to have an asymmetric porous structure.
It is the microporous structure of the dense surface layer which
governs the level of solute separation, and hence is held in con-
tact with the feed solution during reverse osmosis operation.

In the as-cast condition, the surface pores are generally
too big to give any significant solute separation. But the mem-
brane can be shrunk and the pore size reduced by simply keeping
the film immersed in hot water in a controlled heat bath for about
10 min. Thus, by adjusting the shrinkage temperature, different
porosities on the surface layer side of the membrane, capable of
giving different levels of solute separation, can be obtained.

All membranes are then subjected to a pure water pressure
of 300 psig for an hour before use in reverse osmosis experiments.
The latter are of the short-run type, each lasting for about 2
hours; they are carried out at the laboratory temperature, using
aqueous feed solutions containing 3500 ppm. of NaCl and a feed

rate of 330 cc. per minute at the operating pressure of 250 psig.



55

The reported product rates are those corrected to 25°C using the
relative viscosity and density data for pure water. In each
experiment, the solute separation f, definedas

f = solute concn. in feed (ppm)-solute concn. in product (ppm)
solute concn. in feed (ppm)

the product rate,-[PR], and the pure water permeability, [PWP],
in grams per hour per 7.6 sq. cm. of effective film area were
determined at the operating conditions. In all cases, the terms
"product™ and "product rate" refer to the membrane permeated
solutions. The solute concentrations in feed and product solu-
tions were determined by specific resistance measurements using
a conductivity cell. The accuracy of the separation data is
within 1% and that of [PR] and [PWP] data is within 3% in all
cases. The average mass transfer coefficient on the high pres-
sure side of the membrane under the experimental conditions was

45 x 10~4

cm. per second as calculated by the Kimura-Sourirajan
analysis of the reverse osmosis experimental data.
4. Solvent evaporation rate measurements.

These were made by determining the change in weight of the
polymer film cast on a small plate as a function of time. Small
stainless steel plates (effective surface area 1.61 cm x 5.06 cm)
grooved to different depths from 0.025 to 0.041 cm were used for
film casting which was done by a hand-operated mechanical device
(Figure 14) attached to the sice door of an analytical balance.

In this arrangement, the plate entered the closed space of the

balance case simultaneously as the film was being formed on it
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FIGURE 14

MECHANICAL DEVICE USED FOR EVAPORATION RATE MEASUREMENTS
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during casting. Since the atmosphere in the balance case

could be maintained as desired, the nature of the casting
atmosphere was held constant during the entire film forming
process. Further, when the film is cast on the plate, the

latter could be easily slid onto the pan of the balance, if
desired. Consequently the time lag between casting and trans-
fer of the plate to the pan of the balance was reduced to the
minimum. To avoid end effects on film-dimensions during casting,
films were cast continuouslf on three plates placed in series,
and only the middle plate was used for evaporation rate measure-
ments. The evaporatipn rate value is a function of the thick-
ness of the cast solﬁtion layer, which under the same experimental
conditions (use of the same casting plate) depends on the viscosity
of the casting solution and on the casting speed. Therefore to
get the comparable B data for different casting solutions several
castings using differently grooved plates were made and the B
values determined after 30 seconds of evaporation using the
five-points formula. These improvements in technique resulted

in more reproducible evaporation rate data. The measurements
were made at the laboratory temperature (23-24°C) with or without
acetone vapor in the casting atmosphere. 1In the former case,

the closed space of the balance case was kept in contact with

the required concentration of aqueous acetone solution placed

in a few shallow containers for at least an hour.
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5. Determination of equilibrium phase separation data.

For the purpose of this determination, the casting solution
was treated as a ternary system consisting of polymer (‘Cellulose
acetate), solvent (acetone), and nonsolvent (formamide). All
compositions stated are in weight per cent. Solutions of dif-
ferent concentrations of cellulose acetate (20, 25, 30, 35%)
were prepared. The polymer was first weighed in a 25 ml
Erlenmeyer flask and formamide and acetone were then added by
means of a syringe. Each flask was stirred at room temperature
for 1 to 7 days to effect the maximum possible mixing of the
components of the system. The turbidity caused by phase
separation was recognized by visual observation which was
easy for the system studied because of the clarity of the solu-
tions involved. Formamide has been designated as "nonsolvent"
just for the convenience of expressing compositions in the
triangular diagram, and such designation does not imply that

formamide has no solvent power for cellulose acetate.
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FIGURE 15

COMPARATIVE PERFORMANCE OF BATCH 18 MEMBRANES
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FIGURE 15
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FIGURE 16

EFFECT OF COMPOSITION ON MEMBRANE CHARACTERISTIC

CURVES AT AMBIENT AIR CASTING ATMOSPHERE
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TABLE TIT

Casting Solution Composition of Some Formamide-Based Membranes

B-47 B-403 B-400 B-401 B-402

Casting Solution
Composition (wt.%)

cellulose acetate 25 17 17 17 17
(acetyl content 39.8%)

acetone 45 54 56 58 60
formamide 30 29 27 25 23
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open cells which, together with the voids between cells, give
rise to a microporous surface structure; on the other hand, in
the interior bulk region of the film, the polymer molecules
aggregate and precipitate rapidly giving rise to a spongy
porous mass underneath the surface layer. The final result is
the formation of a completely open celled asymmetric porous
structure for the entire membrane.

3. Parameters affecting the nature of a membrane.

This model of the phase separation points out the importance
of the state of the casting solution as well as the evaporation
conditions during film formation which together affect the
nature of the resulting membrane.

A) Structure of_ the casting solution. The term "the state

of the casting solution'" refers to the supermolecular polymer
aggregation and formation of supermolecular structure that takes
place in the concentrated cellulose acetate solutions (17).

The structure of the casting solution is a function of composi-
tion and temperature, i.e. the size of polymer aggregates
increases sharply with increase in polymer concentration and
decrease in temperature (18). No effective means of express-
ing solution structures has yet been specified. However, useful
conclusions seem possible from an analysis of the polymer-
solvent-nonsolvent ternary phase equilibrium diagrams. For
example, the remoteness of any point representing the composition

of the casting solution from the phase boundary curve gives the
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idea of the extent of supermolecular aggregation within the

casting solution at particular temperature (25). Generally,

less supermolecular aggregation and structurization within the
casting solution makes possible the formation of more numerous
smaller-size droplets of the dispersed phase in the surface

region during solvent evaporation, which brings about the creation
of more numerous micropores in the surface layer of resulting

membrane.

B) Evaporation conditions. However, less supermolecular

aggregation is not sufficient condition for obtaining more
productive membranes., For the best performance the evaporation
rate of the solvent should be appropriately adjusted to the
state of casting solution. Solvent evaporation rate refers to
the rate of solvent removal from the upper surface of the cast
solution which ultimately forms the dense microporous layer in
the resulting asymmetric membrane. This rate is a function of
solution composition and temperature, of the ambient nature of
the casting atmosphere and of its temperature. The solvent
evaporation rate is decreased by a decrease in the temperature
of the casting atmosphere and/or the presence of solvent vapor
in the ambient casting atmosphere. For a given solution structure,
an optimum solvent evaporation rate exists for best membrane

performance.
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4. Explanation of results.

Aa) Effect of the structure of the casting solution on the

_ performance of the membranes. This general concept of

the asymmetric reverse osmosis membrane formation mechanism
gives us a basis for the explanation of the results shown in

Fig. 2, and subsequent figures. For example, significantly
higher productivities at the same level of separation for

Batch 400 to Batch 403 membranes in comparison with that of
Batch 47 membranes is obviously the result of the difference

in the extent of supermolecular aggregation. This can be seen
from the triangular diagram (Fig. 17) for the ternary system
cellulose acetate-acetone-formamide. The compositions of the
casting solutions B-47, B-400, B-401, B-402 and B-403 are rep-
resented by different points as in legend and the full line
represents the phase boundary curve for the system cellulose
acetate-acetone-formamide, i.e. the compositions at which the
phase separation occurs. The compositions in the surface regions
of the cast solutions change during solvent evaporation along

the respective evaporation lines and the phase separation occurs
when the composition in the surface region of particular solution
reaches the point at the phase boundary curve. Since the distance
of any particular point representing the casting solution com-
position from the phase boundary curve measures the extent of
supermolecular aggregation within the solution, it can be con-
cluded that the supermolecular aggregation in B-47 casting solution

is significantly greater than those in B-400 series casting
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FIGURE 17

LOCATION OF DIFFERENT BATCHES, THEIR
EVAPORATION LINES AND THE PHASE BOUNDARY

CURVE IN THE TERNARY EQUILIBRIUM DIAGRAM
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FIGURE 17
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solutions. Consequently, less numerous and bigger-size droplets
of‘the dispersed phase should have been formed during solvent
evaporation in the surface region of B-47 casting solution,

which should result in the less numerous and bigger pores in

the surface layer of formed membrane, i.e. in the less productive
reverse osmosis membrane.

The mutual comparison of the performance (product rate vs
solute separation) curves for the B-400, B=401, B-402 and B-403
membranes shows that the productivities of B-400 and B-401
membranes are superior to those of B-402 and B-403 ones. On
the other hand, distances from the points representing the cast-
ing solutions to the phase boundary curve are in the order
B—402>B-401>B-400>B—403, i.e. the order of their productivities
differs from the order of the extent of supermolecular aggregation
in the initial casting solutions. This only confirms the pre-
viously (23) expressed notion that the lower degree of super-
molecular aggregation is not sufficient condition for obtaining
more productive membranes, i.e. that this condition should be
accompanicd by the appropriate solvent evaporation rate.

Ab) Effect of the structure of the casting solution on the

shrinkage temperature profile. The upper part of Fig. 16

and the other figures which will follow gives the membrane
shrinkage temperature vs solute separation relationships (shrink-
age temperature profile) and shows a relative measure of the

pore size and pore size distribution on the membrane surface
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in the as-cast condition. A higher shrinkage temperature to
give a fixed level of solute separation would indicate a larger
initial size of pores; a steeper shrinkage temperature profile
would indicate less uniform pore size distribution. Applying
these considerations to the shrinkage temperature profile curve
in Fig. 16 one can see that the curve for the membranes cast
from B-47 solution has a significantly different shape from
those for the membranes of B-400 series. The B~47 membranes
curve indicates the‘presence of a number of small pores nearly
equal in size and a number of widely distributed big pores,
noticeably bigger than the pores in the surface region of the
B-402 type membranes. Such a pore size distribution is a direct
consequence of the previously discussed influence of the extent
of supermolecular aggregation in the casting solution. At the
same time it affects the productivity of the B-47 membranes.

As can be seen from the lower part of Fig. 16, lower membrane
productivity results from the closure of small pores present

in the as-cast condition of B-47 type membranes.

The comparison of the shrinkage temperature profile curves
for membranes of B-400 series shows that the initial average
pore size on the membrane surface (in the gs—cast condition)
decreases progressively in the order B-403 > B~400=B-401 >B-402,
i.e. at the same cellulose acetate content in the casting solution
it decreases with increasing the acetone fraction in solution.

Considering this fact together with previously discussed
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observation on the productivity variation with change in
acetone content in the solution (productivity has a maximum
value at intermediate acetone contents) one has to conclude
that the membrane performance is affected by both the average
pore size and the effective number of pores on the membrane
surface.

B) Effect of Evaporation Conditions. Evaporation conditions

during film formation expressed through the evaporation rate
constitute the second important variable in the membrane fofma-
tion process. Before discussing the effect of evaporation
conditions on the membrane formation process it is necessary
to show how evaporation rate measurements were evaluated.

a) Evaporation Rate Data. The general trend of the

rapid decrease in solvent loss with time is expressed by the
evaporation rate measurements which can be obﬁained by plotting
the values of(Wt - %n) in grams vs t in seconds, where Vg
represents the amount of casting solution remaining on the plate
at infinite time and Wi, that remaining on the plate after t
seconds. Assuming only acetone evaporates from the cast
solution, one can plot Wy - W, the amount of acetone remaining
on the plate t seconds after evaporation starts against time
and calculate the evaporation rate as the negative value of the
slope. A typical set of such data is plotted in the upper part
of Fig. 18 which shows the decrease in acetone content in the
casting solution with time. Its mirror image with respect to

the time axis would represent the corresponding increasing amount



76

FIGURE 18

A) AMOUNT OF ACETONE REMAINING IN THE AS-CAST SOLUTION
AFTER DIFFERENT TIMES OF EVAPORATION.

B) A TYPICAL EVAPORATION RATE CURVE.
(TEMPERATURE OF CASTING SOLUTION: 240C; CASTING
ATMOSPHERE: AMBIENT AIR IN CONTACT WITH 80% WT.

ACETONE SOLUTION; AREA OF EVAPORATION SURFACE:

8.15 cm?).

[
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of acetone evaporated with time from which the evaporation
rate can be evaluated. Each curve of Fig. 18 indicates a
decrease of evaporation rate with time. A more thorough
énalysis of the shape of the curve could lead to an understand-~
ing of the contribution of evaporation rate to the ultimate
porous structure of the surface layer of the membrane.

The steep initial part of the curve probably indicates
the constancy of the mechanism governing evaporation rate in
the early stages of the process when it may be expected that
the solvent loss from film surface is compensated by solvent
diffusion to the film surface from underneath. In any case,
since the cloud point (polymer phase separation) in the surface
region may be expected to be reached soon after evaporation
starts, the initial part of the curve is all important in rep-
resenting the development of the formation of the porous struc-
ture of the surface region.

b) Factors affecting the evaporation rate value.

Preliminary results showed that, for a given casting solution
composition and temperature, the relative position and slope

of the initial part of the curve depended not only on evaporation
conditions (temperature and acetone content of the casting
atmosphere) but also on the thickness and surface area, S, of

the film. As observed before, (25), a change in film thick-

ness changes both the slope and relative position of the evapora-
tion rate curve, whereas a change in surface area changes only

the position but not the slope of the curve. The total quantity
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FIGURE 19

EFFECT OF TEMPERATURE OF CASTING ATMOSPHERE ON

EVAPORATION RATE

i
i
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Figure 20 gives the effect of the presence of acetone in the
casting atmosphere on the value of B; these data correspond to
the condition where the temperature of the casting solution and
the temperature of the casting atmosphere were both at ambient
laboratory condition (24°C). These data show that the presence
of acetone in the casting atmosphere reduces the value of B,
and this reduction becomes progressively less steep with in-
creasing saturation of the casting atmosphere with acetone.
Thus the introduction of acetone in the casting atmosphere
offers a sensitive means of reducing B which can be appropri-~
ately combined with the variation of the temperature of the cast-
ing atmosphere itself to suit particular needs.

c) Effect of evaporation rate on shrinkage temperature

profile and performance of the membranes. The

evaporation rate evaluated in this way and its variation affect
both the membrane shrinkage temperature profiles and their per-
formances. (Fig. 21 and 22, Table IV). The shrinkage tempera-
ture profiles of the B-403, B-400, B-401 and B-402 membranes
get more widespread with the decrease of evapofation rateé; the
most noticeable is the change in shrinkage temperature profile
of B-402 membranes, those of the B-400 and B-401 membranes are
less marked and the shrinkage temperature profile of B-403
membranes practically does not change at all. This effect is

a consequence of slowing down the pore formation process, the

phenomenon which can be more easily recognized in the case of
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SHRINKAGE TEMPERATURE °C

PRODUCT RATE g/ hr
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FIGURE 21
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FIGURE 22

EFFECT OF COMPOSITION ON THE CHARACTERISTIC
CURVES OF MEMBRANES CAST UNDER AMBIENT AIR
IN CONTACT WITH AN AQUEOUS SOLUTION

OF 80 WT.% ACETONE



89

TABLE IV

1

Evaporation Rate Value, B (grams min. ~ , sq. cm. ™)

at Wgg - W= 0.00429 grams/cm,

S

Weight % Acetone B-403 B~-400 B-401 B-402
Solution in Contact with
Casting Atmosphere

0 .00563 .00638  .00670  .00698
30 .00491  .00458  .00545  .00588
50  —meeee L00427  mmmmmm —emeee

80 .00422 .00427 .00444 .00447
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i.e. it resulted in more productive B-403, B-400 and B-401
membranes and slightly less productive B-402 ones. Further
increase in the acetone vapor concentration in the casting
atmosphere brought about, however, the drop in productivity
showing that the evaporation rate was too slow. Thus from
the point of view of productivity the B-400 type membranes
cast in the air which was in contact with 30% aqueous acetone
‘solution emerge as the best among all those studied.

" Membrane performance is a function of both the average
pore size and the effective number of pores on the membrane
surface. Therefore the observed changes have to be related
to variation of both factors. This means that knowing the
direction of change in pore size, performance curves give
an indication of the changes occuring in the effective number
of pores as a result of changes in the evaporation rate. For
instance, the decrease of evaporation rate value from .00638
to .00427 in the case of B-400 membranes has as a consequence
the decrease of the initial average pore size on the membrane
surface (Fig. 23). The simultaneous increase in membrane
productivity makes possible only one conclusion to be derived
and this is that effective number of pores on the surface has
increased. Further decrease of evaporation rate does not
change the average pore size in the cast membranes (see
shrinkage profiles in Fig. 23), as the slight decrease of

productivity indicates that the effective number of pores is
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FIGURE 23

EFFECT OF THE PRESENCE OF ACETONE IN THE
CASTING ATMOSPHERE ON THE CHARACTERISTIC CURVES

OF BATCH 400 TYPE MEMBRANES
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insufficient to give the same productivity as in the case of
membranes cast in the a@mosphere in contact with 30% aqueous
acetone solution, Similar considerations hold for the membranes
cast from the other casting solutions.

d) Effect of evaporation period. Figure 24 illustrates the

effect of evaporation period on shrinkage temperature profile
and performance of Batch 400 type membranes. The longer the
evaporation period, the bigger is the average size of initial
pores on the membrane surface. This is understandable on the
basis of the mechanism of pore formation discussed earlier
(23), in which initially formed droplets in the surface region
coalesce on prolongation of evaporation time forming larger
ones which result eventually in bigger size pores on the
membrane surface. Similar observations have been reported
before with respect to Batch 18 type membranes (23). TUnlike
the latter type membranes however, evaporation period also
affects the performance of Batch 400 type membranes., This is
only to be expected in view of the less uniform smaller size
pores obtained with Batch 400 membranes. It was found that

an evaporation period of 30 seconds resulted in best membrane
performance. Further, the data indicate that as the average
size of pores on the membrane surface in the as-cast condition
becomes smaller and smaller, one may expect an optimum evapora-
tion period, and hence shrinkage temperature profile, for

maximum membrane productivity.
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FIGURE 24

EFFECT OF EVAPORATION PERIODS ON THE

CHARACTERISTIC CURVES OF BATCH 400 TYPE MEMBRANES

T
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e) Significance of evaporation rate. The significance

of evaporation rate as a controlling parameter in the develop-~
ment of the porous structure of the membrane surface may be
brought out by yet another consideration. The casting condition
of B-400 type membranes given in Table II is taken here for
illustration. Referring to Fig. 20, the value of B equals
(0.00458) corresponding to casting atmosphere at 24°C in
contact with an aqueous solution of 30% acetone; referring to
Fig. 19, the same value of B is obtained at 2.0°C ambient air
casting atmosphere without any acetone. These two casting con-
ditions are hence equivalent. Conséquently, using a casting
solution temperature of 240C, membranes cast in acetone free

ambient air at 2.0°C may be expected to yield the same perfor-

mance curves (solute separation-product rate correlation) as
that given by the Batch 400 membranes at casting conditions
as in Table ITI. After many trials, this could not be shown
since the shrinkage temperature profile could not be reached.(Fig.25)
It has been shown that the shrinkage temperature profile
is a function of evaporation time, and it does not affect the
solute separation-product rate correlation (performance curve)
for Batch 18 type films which contain comparatively big and
uniform surface pores. Batch 400 films however contain smaller
and less uniform pores; for these films, it is only reasonable
to expect that a shift in the shrinkage temperature profile
(which expresses pore size distribution) will also shift the

membrane performance curve. Consequently, reproductibility of
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FIGURE 25

COMPARATIVE PERFORMANCE AND SHRINKAGE
PROFILE OF BATCH 400 MEMBRANES CAST AT

DIFFERENT AMBIENT ATIR TEMPERATURES
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the performance of Batch 400 membranes should also depend on
reproducing their shrinkage.temperature profile. As observed
earlier, films whose shrinkage temperature profile data are

not too far separated, exhibit essentially identical membrane
performance. This observation is one of fundamental significance
from the point of view of quality control in making reverse
osmosis membranes.

5. Comparison of results.

The results presented so far and the discussion following
them showed the practical importance of the general approach
based on the solution structure-evaporation rate concept for
creating more productive formamide-based reverse osmosis
membranes. This can be clearly illustrated by the comparison
of B=400 mémbranes which represent the best heretofore produced
formamide~based membranes with magnesium perchlorate-based
B-316 membranes introduced earlier (24)(Fig. 11 and 26). Both
figures show that formamide-based membranes of adequate perfor-
mances to those produced from magnesium perchlorate-cellulose
acetate-acetone~-water solutions for low, medium and high pressures
can be obtained, although shrinkage temperature profile curves
show slightly larger pore size in the B-400 membranes what might
indicate certain differences in the number of pores obtained in
the surface area of the as-cast membranes. Anyway, the produc-
tivities of B-400 membranes at 90% level of solute separation

and feed flow conditions corresponding to a mass transfer co-



102
FIGURE 26

120 —
100 —
80 —
OPERATING PRESSURE : 1500 psig o
60 |—  FEED CONCENTRATION:0.5 M NaCl e
= ‘e
< o)
> SYSTEM: NaCl - H,0
-4
w 40 — | l k=45x10 cm/sec
- FILM AREA: 7.6 cm? ‘
< 160 F FILM TYPE: BATCH I8 —
N BATCH 47 A
P -— RS L1 J
3 N oaron 400 O
Q Ne
®
o N o
120 — N
o\
100 |— N,
\\
\a e
80 — O\
N
OPERATING PRESSURE : 600 psig \\'
FEED CONCENTRATION: 0.5 wt % NaCl
40 — A
o
| I I | -
05 06 o7 08 09 1.0

SOLUTE SEPARATION f



104

\ 9TE-D¥N-VD °dAy wlTd
08 A .
o : wo LT*S6 S°88 8°0L LY L6 L*89 ET°0TT
o 9 Y069 2°68 L°69 8€° 06 S$°89 T TIO0T
N . m . .
e m 8 92°29 716 L°98 12°29 £°98 01°89
98 ¥8°29 ¢ 16 ANAS R€°29 048 6T°89
00V=DuN-VD °dAL wiTq
8°T8 g°g¢ .
en o 8 T oTT 0°¥8 8°€9 TT°ETIT €68 o ¥eT
. u 99 ve- 101 L*S8 S €L 2T V0T £°69 AN
. m . 3
8 ¥€°89 AKT $°S8 69°89 T°¥8 ¥s-6L
[ A §°68 1AANA" 0°48 Z°16 ) 4 Z°T6 Y6°65
Tlud] Tlud] "ay/*3 rai/ e
€
0Tx" [d] 20Tx¢[ud] 70X “Lud] g0T*3 ")
Sanoy ¢ I923V 31835
NEO @. N. : eaay WlT4
: A

Nﬁmm:¢0ﬁpmhmao STSows( oSdJ

*09s /WO yOT ¥ Sy

TDOeN %"¥ §°0

stsd 009

0CH-TD®BN

: U0 T]BJAqUIOUO) PO9J

:oanssoag Sutjeaadg

waqs4ds

S5ASY SMOTNULAUO) SULANQ SOOUBWIOFIS] SUBIqUON

A IT9VL




105

CONCLUSIONS

The results obtained with the class of membranes investi-
gated in this project lead to significant conclusions in the
development of more productive reverse osmosis membranes. The
state or the structure of the casting solution and the rate of
solvent evaporation during film formation were found to consti-
tute an important interconnected variable governing the ultimate
porous structure, and hence the performance of the resulting
membranes in reverse osmosis.

The performance of the formamide-based membranes increases
with decrease of cellulose acetate content in the casting solu-
tion. From the point of view of productivity the B-400 type
membranes cast in the air which was in contact with 30% aqueous
acetone solution emerge as the best among all those studied.
This only confirms the earlier observed notion (23) that to
a certain casting solution structure should correspond the
appropriate evaporation rate. The latter were found to decrease
by decreasing the casting atmosphere temperature or in the
presence of acetone in the casting atmosphere. The effect of
evaporation period was also studied and a short evaporation

time proved to give more productive membranes.
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TABLE X

Effect of Evaporation Period on Shrinkage Temperature Profile

Sh;iﬁﬁfge % Salt Removed

(°c) B-400 - (1) B-400 - (2) B-400 - (3)
(30 sec.) (1 min.) (2 min.)

90 97.82 98.0
86 97.1
85 91.40
82 93.24 87.60 - 87.35
80 84.98 70.1
78 70.1
77 88.64 72.40
75 72.05 65.90
72 70.16 66.05 61.3
69 . 52.5
67.5 ; 57.75
67 72.62
65 24.5
62.3 41.75
62 61.29
60 38.35
57.3 57.92

57 41.85
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TABLE XII

EVAPORATION RATE MEASUREMENTS



Casting so

Conditions of atmosphere:

Plate Numb

Weight of
plate (gr

Evaporatio
(secon

20
30
45
60
75
90
105
120
150
180
-~ 240
300
360

(grams min.”",sq. cm™

lution: B-403

er 10 13
Zzggy 58.6911 57.7027
n period
ds) (grams)
58.7820 57.8308
58.7760 57.8238
58.7697 57.8150
58.7659 57.8083
58.7637 57.8031
58.7625 57.7993
58.7618 57.7967
58.7615 57.7948
58.7613 57.7924
58.7613 57.7913
57.7906
57.7906
grams) 0.0147 0.0332
B 0.00382 0.00481
1 1,

121

57

57

57.
57.
57.
57.
57.
57.

24°C; 30 wt.% acetone vapor

13

.7071

.8161
8094
8017
7957
7926
7898
7878

0

.0249
0.

00442

57.

Weight of plate + casting solution

57.
57.
57.
57.
57.
.8237

57

57.
57.
57.
57.
57.
.8078

57

57.

0.
0.

16

7054

8582
8507
8414
8340
8282

8198
8169
8129
8105
8083

8078

0429
00521



N

Casting solution: B-400

Conditions of atmosphere:

Plate Number

Weight of empty
plate (grams)

Evaporation period
(seconds)

20
30
45
60
75
90
105
120
150
180
240
300
360

W3o - W (grams)

B
(grams min.~l,sq. cm

24°C; 0 wt.% acetone vapor

10

58.

6908

123

13

57.

6869

16

57.

6860

Weight of plate + casting solution
(grams)

58.
58.
58.
58.
58.
58.
58.
58.

0.

1, 0.00380

7530
7464
7410
7385
7373
7368
7365
7365

0099

57.

7987

.0318

.00631

57.
57.
57.
57.
57.
57.
.7852

57

57.
57.
57.
57.
57.
57.

8319
8222
8108
8017
7941
7892

7822
7781
7758
7737
7731
7731

.0491
.00653



Casting solution:

B-400

Conditions of atmosphere:

Plate Number

Weight of empty
plate (grams)

Evaporation period

(seconds
20
30
45
60
75
90

105
120
150
180
240
300
360

)

W3 o - Wm( grams)

B
(grams min.”

1

sSq.

cm™

1)

58.

1

24°C; 30 wt.% acetone vapor

10

6882

Weight

58.
58.
58.
58.
58.
58.
58.
58.
58.
58.

<o

7722
7670
7608
7569
7546
7532
7524
7521
7519
7519

.0151
.00355

24

57

13
.6963

57

16
.7008

of plate + casting solution

(er

57.
57.
57.

ams)

8311
8242
8156
.8087

57

57.
57.
57.
57.

57

57.
57.
57
57.
57.
57.
57.

.8453
8380
8285
8212
8155
.8109
8073
8047
8009
7985
7965
7960
7960

.0420
.00518



Casting solution: B-400>

Conditions of atmosphere:

Plate Number

Weight of empty
plate (grams)

Evaporation period
(seconds)

20
30
45
60
75
90
105
120
150
180
240
300
360
420

Wi - o grams)
B

(grams min.—l,sq. cm

)

24°C; 80 wt.% acetone vapor

125

57

16
.7242

of plate + casting solution

10 13
58.7012 57.7207
Weight
(grams)
58.7938 57.8418
58.7886 57.8359
58.7832 57.8282
58.7798 57.8226
58.7779 57.8181
58.7768 57.8148
58.7762 57.8122
58.7758 57.8104
58.7757 57.8082
58.7757 57.8070
57.8063
57.8063
0.0129 0.0296
0.00334 0.00412

57.
57.

57

57.
57.
57.
57.
57.
57.
57.
57.
57.

57

57.

8709
8647
.8563
8497
8443
8398
8364
8336
8296
8271
8246
8239
.8238
8238

. 0409

0.00443



e

pS—
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Casting solution: B-401

Conditions of atmosphere: 24°C; 0 wt.% acetone vapor

Plate Number 10 13 16
Weight of empty 58.6959 57.6925 57.6912
plate (grams)
Evaporation period - Weight of plate + casting solution
(seconds) (grams)

20 58.7609 57,8038  =mmme—-

30 58.7528 57.7939 57.8128

45 58.7453 57.7824 57.8006

60 58.7417 57.7743 57.7917

75 58.7402 57.7688 57.7854

90 58.7395 57.7652 57.7807

105 58.7393 57.7629 57.7776

120 58.7392 57.7615 57.7753

150 58.7392 57.7600 57.7725

180 ‘ 57.7593 57.7710

240 57.7590 57.7698

300 57.7590 57.7696

360 57.7696

Wao - W(grams) 0.0136 0.0349 0.0432
B 0.00496 0.00670 0.00659

(grams min.=1 gq. em™)
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Casting solution: B-401

Conditions of atmosphere: 24°C; 30 wt.% acetone vapor

Plate Number 10 13 16
Weight of empty 58.6946 57.7013 57.7054
plate (grams)
Evaporation period Weight of plate + casting solution
(seconds) (grams)
15 emmemmee cmeeeee 57.8588
20 58.7692 57.8222 —mmeeeee
30 58.7636 57.8148 57.8462
45 58.7570 57.8043 57.8354
60 58.7534 57.7970 57.8272
75 58.7517 57.7916 57.8206
90 58.7507 57.7877 57.8151
105 58.7502 57.7848 57.8108
120 58.7500 57.7828 57.8075
150 . 58.7500 57.7807 57.8028
180 57.7796 57.8001
240 57.7792 57.7976
300 57.7792 57.7970
360 57.7970
W30 - Wo(grams) 0.0136 0.0356 0.0492
B 0.00378 0.00548 0.00580

(grams min."1l,sq. cm™)
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Casting solution: B-402

Conditions of atmosphere: 24°C; 0 wt.% acetone vapor

Plate Number 10 13 16
Weight of empty 58.6946 57.6924 57.6924
plate (grams)
Evaporation period Weight of plate + casting solution
(seconds) (grams)
15 58.7582  mmmmeee mmeemee
20 ee————- 57.7982  —ee—eee
30 58.7456 ———=——- 57.8108
45 58.7396 57.7762 57.7986
60 58.7372 57.7682 57.7890
75 58.7363 57.7632 57.7824
90 58.7360 57.7600 57.7779
105 58.7359 57.7581 57.7747
120 58.7359 57.7567 57.7723
150 57.7553 57.7696
- 180 57.7546 57.7681
240 57.7543 57.7668
300 57.7543 57.7665
360 57.7665
W30 = W(grams) 0.0097 0.0336 0.0453
B 0,00417 0.00691 0.00750

(grams min.=1,sq. cm™1)



Casting solution:

B-402

Conditions of atmosphere:

Platé Number

Weight of empty
plate (grams)

Evaporation period

(seconds
15
20
30
45
60
75
90

105
120
150
180
240
300

360

)

W30~ Woggrams)

B
(grams min,”

1

Osq.

cm™

1y

131

24°C; 80 wt.% acetone vapor

10 13
58.7082 57.7194

Weight fate
58.798L = —e—emee
------- 57.8497
58.7876 57.8428
58.7818 57.8340
58.7777 57.8269
58.7751 57.8213
58.7738 57.8169
58.7729 57.8133
58.7726 57.8104
58.7724 57.8067
58.7724 57.8045
57.8028
57.8026
57.8026
0.0152 .0402
0.00371 0.00477

57

16
.7256

of plate + casting solution








