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ABSTRACT

The performance of Batch 316 type porous ée;iulose
acetate membranes for the low pressure reverse osmosis separa-
tion of some organic pollutants in aqueous solutions and
treatment of wastewater was illustrated. Experimental studies
were carried out using six membranes whose (DAM/KG}NaCl valqeé
at 300 psié were in the range 1.27 x 10”7 to'l6.l2 x 107° ‘cm/sec. -
These membranes were capable of giving NaCl separations of 87%
or above with the reference solution system 3500 mg/l NaCl-Hzo
when operated at 300 psig and a feed flow rate corresponding
to kNaCl = 41 x 10_h em/sec. Thé separation of glucose,
sucrose, soluble starch, beef extract, glutamic acid, sodium
stearate, ABS, and.LAS in aqueous solutions at solute con-
centrations <2000 mé/l were studied using the same membranes
under the above specified operating conditions. Solute
separations were essentially independent of feea concentration
and the average membrane fluxes were practically unaffected by
the nature of the solute under the conditions indicated above;
the average solute separation was >90% and the average membrane
flux was in the range 15.8 to 40.6 gpd/sq.ft. The membranes
were also capable of removing organics‘from wvastewater and
producing high quality water in the reverse osmosis tfeatment
of wastewater. Reverse osmosis system analysis and process
design were deveioped for the reference systenm NaCl-H20 and

their utility was illustrated for wastewater treatment

application.
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CHAPTER 1

INTRODUCTION

Rapid urbanization has seriously contributed to
today's water pollution problems. Pollution in many instances
is due to the increased amounts of wastewater effluents
reaching the receiving streams overloading the self-purifi-

cation capacity of these running waters.

In the past, pollution control was concerned pri-
marily with problems caused by domestic wastes and the
simpler wastes of industry. Conventional waste treatment
methods were efficient in treating such wastes and stopping
their nuisance conditions. This is no longer true. Progress
in abating pollution has been outdistanced by population
growth, the increasing industrialization and technological
developments which have placed additiqnal burdens upon the
wastewater.treatment systems. Consequenfly, conventional
treatmeht processes are already losing the battle against
the modern-day tougher wastes. They are not able to prevent
countless streams and lakes from receiving excessive amounts

of suspended materials, oxygen consuming materials, nutrients

and toxic wastes.

~

On the other hand, the unequal distribution of the
total water supply of the world has left some areas having

an abundance, others a deficiency. This condition is not new

and has been recognized for many years but as population and




demand for water increased, the situafibn is'steadily getting
worse and many areas aré suffefing from serious shortages in
thé water resource. 1In sﬁch cases, bne of‘the important
sources of good quality water, available in almost ever&
country, is the wastewater ﬁischarged from many.manﬁfacturing
operations and from sewage treatment plants. The renovation
of suqh_wastéwgtervrequires éome special type of treatment to
provide water of varying quality suitable for reuse in
agricultural,‘industrial, recreational, ground water recharge
or domestic applications. It should be pointed out that con-
ventional waste treatment processes produce & water of

limited reuse. ) .

The need for water renovation shows the increasing
requirement for developing more adequate treatment of wastes
to provide better water pollution control and sufficient supply
of clean waters for reuse. Such treatment is termed advanced
‘waste treatment'and refers to methods and processes'that will
remove more contaminants from wastewater than are usualiy
removed in present day conventional treatment. It may modify
ér replace the various steps in conventional treatment, or it
may be applied to the effluent .from conventional secondary

treatment. In the letter case it is also termed tertiary
treatment.

The advanced treatment methods may be physical,
chemical, or biological. The new physical and chemical

separation techniques currently included are adsorption,




electrodialysis,'emulsion separation, evaporation, extraction,
foaming, freezing, ion éxchangé, oxidation, and reverse
osﬁosis. Many of ‘these pfocesses cah accoﬁplish complete °
water renovation. However, the challenge is to find thé best
and most economical way of achievingvthe goals. Soﬁe of the
processes are routinely used in technologies other than the
vastevater fie;d sﬁch as in the conversion of saline water to

fresh water.,

A desalination process recently described as an
advanced waste treating method is reverse osmosis. It is one
of the few really new water-treating processes having sub-
stantial application where wastewater is to be processed to

meet high effluent quality standards.

The osmosis phenomena describes the spontaneous
passage of & pure solvent (e.é.,'water) through a semipermeable
membrane into a solution, or from a less to a more concentrated
solution. The semipermeéble membrane is permeable fo the
solvent and impermeable to the solute. The normal flow of the
solvent (water) continues until both the solutions in each
side of the membrane are equally dilute or until sufficient
pressure builds to create an osmotiec equilibrium. Such a
pressure is defined aé the osmofic préssure of tﬁe soiutibn
having that particular concentration of solute. If Q pressure
greater than the osmotic pressure is exerfed on the more con-

. ;entfatea solution, the solvent (water) will flow from the

more concentrated solution through the semipermeable membrane

N
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to the less concentrated solution. The latter phenomena

has been conveniently termed reverée osmosis. in both

osmosis and reverse osmosis, under isothermal conditions, °
the preferential transport of material through the membrane

ﬁu _ is always in the direction of lower chemical potential which
is a thermodynamic requirement, It seems necessary to point
out that neither osmosis nor reverse osmosis is an:explana-
tion of the mechanism of the process involved. This mechanism
is still an open question, and the distinction between the

two terms is entirely one of arbitrary convention and popular

usage.

Although the osm.osis, phenomena was first observed \
in.17h8, it has been.only recently that scientists realized |
the possibility of utilizing the reverse osmosis process as
e general and widely applicable technique for the separation,
concentration or fractionation of substances in fluid solu-
tions. The process consists of letting the fluid mixture

flow under pressure through an appropriate porous membrane,

éi and withdrawing the membrane-permeated product which is
.enriched in one or more constituents of the mixture, leaving
a concentrated solution of. other constituents on the upstreanm
57 ' ‘ ‘side of the membrane. No heatiﬁg of the membrane and no
phase change in prodﬁct recovéry are involved in this
separation process. The advantage of reverse osmosis lies

in its potential to separate water from contaminants of many

kinds rather than to remove one specific class of contaminants

from the water.




The most significant current application ef reverse
osmosis process is in the field ofjsaline water conversion.
Although the important'deve;opments in this process have
been in the last ten years, interest is rapidly increasing
for new applications, one of which being in the fieldlof
wastewater treatment. The,reason is the simplicity of the
process, the hlgh product quallty, and the relatlvely low
treatment cost that could result from further process
development. For water purification applications, in general,

porous cellulose acetete'membranes have been found appropriate

in the reverse osmosis process.

Perhaps the most‘significant problem that has arisen
from the use of reveree osmosis for wastewater treatment
rather than saline water demineralization is the one resulting
from the presence of organic matter in wastewater. Higher
levels of organic removal than those ettainable by the bio-
logical treatment methods are required for more effective
water pollution control and progressive water reuse. The

well operated modern biological waste treatment plants can

‘provide approximately 90 percent removal of organics measured

as the biochemical oxygen demand (BOD). The possibility exists

" that more efficient removal of erganics than that obtained by

biological processes can be achieved through the use of reverse
osmosis process. Accordingly, considerable research must be
directed toward the investigation of removal of organics from

wastewater by the reverse osmosis process.
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This study was undertaken in Qrder to'investiggte
the performance of reverse osmosis-hembranes fof thé
removal of organic materials from wastewaﬁer. A new improved
type of porous celluloée gcetate'membranes operated at low

pressure was used for this purpose.




CHAPTER 2 .

LITERATURE SURVEY

Reverse osmosis is a new term in the water puri-
fication technology but a subject of interest for world wide
investigations. 1Its technical feasibility was only assured
about ten years aéo, mainly as a result of work carried out
at the Universities of Florida and California. At UCLA,
the development of the Loeb-Sourirajan (50,29) technique
for making asymmetric porous cellulose acetate membranes
for water desalination in 1960, has led to a rapid increase
in our understanding of osmotic membranes and to major
progress in the use of the reverse osmosis process. Since
that time, extensive investigations have been initiated in
several laboratories in search .of superior.membranes and
new applications for the reverse osmosis process. Because
the process was first developed for desalination purposes,
most of'the work in reverse osmosis subject has: been carried
out for saline water conversion, and emphasis therefore has
been on the development of membranes and apparatus far this
purpose. However, the developed technology appears to be
appropriate for wastewater treatment and other water pollu-

tion control applications.

The reverse osmosis process is an interesting and

promising development. 1In spite of the rapid advances which



are being made in reverse osmosis applications, the process

is still at its very early stages of development.

The following literature survey revieﬁs thé develop-
ment of reverse osmosis theory, fhe advancement of reverse
osmosis membrane technology, and the research accomplished
on the application of the reverse osmosis process  to waste-

watgr‘treatmenp.

2.1 Reverse Osmosis Theory

The theory involved in reverse osmosis is concerned
mainly with transport through the reverse osmosis membrane.

Several approaches to the subject of transport in reverse

osmosis are currently considered (40). All approachés are
equally valid to the extent that they are consistent with
the reverse osmosis experimental data and to the extent that
they predict membrane performance. The approach which has
proved most useful in the development.of the reverse osmosis
process. is based on the preferential sorption-capillary flow
méchanism suggested by Sourirajan (40) and is used in the
Kimura-Sourirajan analysis (22) of reverse osmosis experi-
mental data leading to the basic equations of transport

"through reverse osmosis membranes.

The development of basic transport equations to-
gether with the correlations of the reverse osmosis experi=-
mental date has led to the concepts of membrane specificafion

and reverse osmosis system specification, and has offered the

basis for reverse osmosis process design.




2.1.1 Preferential Sorption~Capillary Flow Mechanism

The preferential sorptioﬂ—capillary.fiow medhanisﬁ
describes the reverse osmosis separation as the combined
result of an interfacial phenomehon and fluid transport under
pressure through capillary pores, and describes the appropriate

membrane as & porous medium at all levels of solute separation.

’The-mechﬁnism (40) can be illustrated by a conceptual
model for recovering fresh water from aqueous salt solutions
(Figure 1-A). The model shows the solution in contact with
& porous film whose surface is of such a chemical nature that
it has a preferential sorption for water and/or preferential
repulsion for the solute. Because of thié preferential ‘§§
sorption for water, a multimolecular layer of éreferentially
sorbed pure water, called the pure water interface, exists at
the film-solution interface. Above the pure water interface
is found the bulk of the solution which consists of the
aqueous salt solution. The continuous rémoval of the pre-
ferentiﬁlly sorbed interfacial water is effected by letting
it flow under pressure through the capillaries existing in
the film. The above model also gives rise to the concept of
a critical pore diameter for maximum separation and perme-
ability. This critical pore diameter is  twice the thickness
of the preferentially sorbed interfacial water_layer (Figure 1-B).
The success of reverse osmosis separation process is therefore
dependent upon the appropriate chemical nature of the film

surface in contact with the solution and upon the existence
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of pores of appropriate size oh'the area of the porous

film at the film-solution interfacel

2.1.2 Basic Transport'Eguations and Correlations

The preferential sorption-capillary flow meohanism
discussed above provides the basis for the Kimura-Sourirajan
onalysis (22) of reverse osmqsio experimental data by a con-
sideration of Qiscoug floﬁ for water traﬁsport, poro diffﬁsion'
for solute transport, and "film" theory for expressing the
effect of mass transfer (on the high pressure side of the
membrane) on total material transport aoross the membrane.

In this analysis, it is considered that the total material
transport across the membrane ot any point in a'giveﬁ membrane-
solution-operating system under steady state conditions is
the vector sum of simultaneous water transport (proportional
to effective pressure difference) and solute transport (pro—
portional to effective concentration difference) across the
membrane, both of which are controlled by the mass transfer
situation on the high pressure side of the meﬁbrane. The
Kimura-Sourirajan analysis, which is applicable to all levels
of solute separation, gives rise to the following basic
‘.éqﬁations relating the puré water permoability through the
membrane, the transport of both the solvent water and the
solote through the membrane, and the mass transfer.situation
on‘the high pressure side of the membrane at any point -
(position or time) in the system under operating conditions

of constant temperature and pressure.

N
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The basic transport equations are:

- (PWP) A '
A = Mg x 8 x 3600 x P (2'1,)
Ny = AP - w(X,,) + w(x,.)]  (2.2)
- (i) ZTa3 ‘;3><c XppC3%p3) | (2.3)
X, =X '
= ke (1-X,.) 1 (__AZ__Ag_) (2.4)
€1 A3’ B Xy =%, 5

Equation 2.1 defines the puré water permeability
constant, A, which is a fundamental quantity with respect to
the membrane. The quantity A is a measure of the overall
porosity of the membrane and ié determined whilé opeéating
the system with a pure water feed; it represents pure water
transport in the absence of any concentration polarization
on the upstream side of the membrane (absence of concentra-
tion gradient between the boundary soiution and the bulk
feed solution shown in Figure 2). The magnitude of A is

independent of any solute under consideration.

The transport of solvent water NB is defined by
equations 2.2, 2.3, and 2.4, Equation 2.2 enables the calcu-
lation of the concentration XA2 of the boundary solution

(Figure 2) on the high pressure side of the membrane under

the reverse osmosis operating conditions. When the concen-

tration XA3 of the membrane permeated product solution on

the low pressure side of the membrane is less than the
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concentration xAl of the bulk feed solution on the high

pressure side of the membrane, XAzlis greater tﬁan xAl.

Equation 2.3 defines the quantity (DAM/KG).for the
transport of any given soiﬁte thfough the membrane. This
quantity (DAM/KG), called the solute transport parameter, is
a fundamental one for ény given membrane-solution system. It
is not a mere propbrtionality constant, but a combiﬁation of
at least three distinct quantities all of which have important
physical significance, but none of which can be precisely
measured. lThe above three quantities are the solute
diffugivity through the membrane (DAM)’ effecti;e film thick-
‘ness (6), and the factor K which relates solute concgntration
in the membrane phase'to that in the solution phase in
equilibrium with the membrane surfacel. From the point of
view of reverse osﬁosis process design, it is sufficient to
know the overall value of the parameter (DAM/KG) which plays
the role of a mass transfer coefficient with respect to solute
‘transport through the membfane; hence the parameter is treated

as a single quantity for purposes of analysis.

Equation 2.4 defines the mass transfer coefficient k
on the high pressure siaekof thg membrane. _The magnitude of
'k is‘a functién of the nature of éolute, concenfratioh of the.
bulk feed solution and feed flow conditions on the high
pressure side of the membrane. For a given membraﬁe-solution-
operating systém, the obtainable value.of k affects solute

separation and membrane flux.

N
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The basic transport Equaﬁions 2.1 to 2.b4 are
applicable for the analysis of.any'reverse osmosis separation
pfocess. In the reverse‘osmosis experimental data analysis
the correlations of A, (DAM/KG),iand k with operating con-
ditions are of practical interest from the point of'view of
specifying membranes, and predicting membrane performance
under different operating conditions. Extensive experimental
studies (22,23;&5) have sﬁoﬁﬁ that, at a.given températuré,
with respect to the Loeb-Soﬁrirajan type porous cellulose
acetate membranes and a number of solution systems such as
sodium chloride-water, both A and (DAM/kG) are dependent on
the porous structure of the membrane; hence they are different
for different membranes. Both~are functions of operéting

pressure (P), which may be expressed as follows:

A=Aoe'°‘P | | . - (2.5)

and

-8 S
(DAM/K§)mP | | K (2.6).

where d and B‘are.constants, and Ao is the.exﬁrapolated Qalue
of A when P = 0. . In addition, (DAM/KG) is dependent upon the
chemical nature of solute, and, at a given operating pressure
it is independent of feed concentration and feed flow rate

for many membfane-solutibn systems. The mass tfansfer CO=-
efficient k on the high pressure side of the membrane is
esseﬁtially a function of nature of solute, feed céncentration,

feed flow rate; and the geometry of the apparatus or membrane
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configuration. The effect of feed flow rate-(Q) on k may
be expressed by the relation:
. ‘ .
kK « Q (2.7)
where n is a constant characteristic of the solution system

and the apparatus used.

All correlations of A, (DAM/Ka), and k are requiread
for reverse osmosis process design (40) and have fo be experi-
mentally determined and established for every specific membrane-
solution-operating system. The basic transport equations

themselves are independent of such correlations.

2.1.3 Membrane Specification

It has been shown (22,23,44) that the above obs'erva-\

tionslead to a useful method of specifying reverse osmosis

membranes. For a given solution system and operating pressure,
a membrane is completely specified in terms of its pure water
.permeability constant, A, and the solute transport parameter,
(DAM/KS), at that pressure. The mass transfer coefficient, k,
on the high pressure side of the membrane specifies the feed
flow condition used. A single set of experimental data on
pure water permeation rate (PWP), membrane permeated product
(PR), and solute separation (f) at any feed concentration and
feed flow condition at the given operating pressure is
sufficient,_following the Kimura-Sourirajanvanalysis, to obtain
data on A and (DAM/KB) for the membrane-solution system at

that pressure, and to get the value of k corresponding to the
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feed doncentration and feed flow conditions used in the
particular experiment. Sodium chléride-water system is
chosen as a particular reference solution system for membrane

specification because of jits practical significance.

When a membrane is specified in terms of A and
(DAM/Ka) at a pafticular pressure, its performance.at that
pressure, expresséd in terms of (PR) and . f,-can be predicted
for the entire applicable range of feed coéncentrations and
feed flow rates provided that the apprqpriate mass transfer

coefficient data are available (Lk).

Further, during continuous operation of the reverse
osmosis process undér pressure, A is reduced but (DAM/KG)
remeins constant prévided the surface pore structure of the
membrane remaiﬁs unchanged (23). This compaction effect of
a membrane can be specified by an appropriafe A-factor defined
as the ratio of the A value for a membrgne at any time to that
at the start of the operation (or simply the ratio of the

corresponding (PWP) values for this membrane).

For a given membrane-solution~operating reverse
osmosis system, the spgcification of both the membrane and the
‘ffeéd.flow condition of'solﬁtion- used in the system form the
basis for the specification of this particular system as dis-

cussed in the following analysis (33).
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2.1.4 Reverse Osmosis System Specification

In any reverse osmosis process, the membrane-
solution-operating system may be épecified by three funda-

‘mental non-dimensional parameters - Ys 6, and A - defined as

follows:
ﬂ(Xo ) . : e ey e o L. .

—- Al — Osmotic pressure of initial feed solution (2.8)
Y= 7p o operating pressure -
g = (DAM/KG) - solute transport parameter ' (2.9)

V* pure water permeation velocity ' *
W
and

mess transfer coefficient on the
k high pressure side of membrane .
A= = , (2.10)
(DAM/KG) solute transport parameter

where

* AP ' (2.11)

and the quantity (le) refers to the osmotic pressure of

the feed solution at membrane entrance in flow process or the

étart of operation in batch'process.

For reverse osmosis systems so specified, the basic
transport equations discussed previously (Egs. 2.2 to 2.})

l'can be rewritten in forms suitable for a generalized approach:

to reverse osmosis process design. This is illustrated by

the following analysis of Ohya and Sourirajan (33).
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2.1.5 General Equations for Reverse Osmosis Process Design

The Ohya-Sourirajan analisis for reverse osmosis
process design is applicable to reverse osmosis membfanes for
which (DAM/KG) is independent oflsolute concentration and feed
flow rate, and for feed solutions whose osmotiec pressure is
directly proportional to mole fraction of solute (i.e.,
n(XA)-= BXA),‘gnd whose molar density (c) ﬁay be.asﬁumed'
constant (these conditions are reasonably valid for aqueous
sqdium chloride solufions at least up to 2.0 M for purposes
of engineering calculations). In this analysis the performance
of a reverse osmosis system can be expressed in terms of the

following dimensionless quéntities:

=1 (2.12)

[o}
c1 I ¢ C1
Cal
.°A2 ) °Ze ' ( ‘ )
Ca T o 3 €2 =% 2.13
Ca1 Ca1
[o} .
Cc. [o] .
c. =23 . 00 - A3 ' (2.11)
3 Ne) 3 ) ‘
© Ca1 a1
(]
T, = —%1 (2.15)
Ca1
. 'v . — . .
A=1-—2 or 1-% (2.16)
v
1
"and
. *
Sv._t
T = (2.17)

— olx

N



- 20 =

or ) %
'. .vw x ' . . o
where
A e %Pp ‘
* AP o .
Ve = o = s | (2.19)

The quantities Cl’ 02, and C3 represent the concentrations
(expressed inidiﬁehsionlessAterms) of the bulk solution and

the concentrated boundary sdlution on the high pressure side of
the membrane, and the membrane permeatgd product solution on
the low pressure siqe of the membrane respectively at any point
in the system. The quantity.as is the average value of.C3
corresponding to a specified fraction (4) of product water
recovery. The paramefer T is the dimensionless time for the
batch-wise feverse osmosis process where S is the surface area
of membr#ﬁe and 't is time. The vélue of T is identical to that
of X which is applicadble for the reverse osmosis flow process
where x ié the longitudinal distance aldng the length of the
membrane, u° is the average velocity of feed solution at mem-
brane entrance, énd % is membrane area per unit volume of fluid

space in the reverse osmosis unit.

For any reverse osmosis system specified in terms of

'y, 0, and A, the precise relationships among the quaﬁtities‘ci,

4

Ca,;C3, 63, T or X, and A constitute the fundamenta} aspect of
membrane transport in the engineering science of reverse
osmosis. These relationships are given by the Ohya-Sourirajan
general system analysis in which the following relevant

equations have been derived (2h,33).

N



€ =1=20c°[14 {- L (2.20)
_ (YCg+9) x(ycg-re) T
c° = cd (1 1 '
o 3 + . (2.21)
(vC3+0)
- 1 : 1
c, C3 [l + W exp{- m}] (2.22)
02 C3 [1 + W] (2.23)
c | o
. 3 Y Y (YC3+6) 1 :
= - +
[ A(yCg+0)° (ycs+0) C3 TP X(3C40)
CO
3
" l—] ac (2.24)
c 3 ’
3
Cq '
T (yc_3+e)
)o(r = . A_(y_c;_fe')_ -y * T {1 +.(YC3+0) exp
o .
cq R
A(Yé3+9)}} expe(-Z) aC | (2.25)
A =1 - exp(-2) (2.26)
1=cy(1 - 2a)+ 63 A (2.27)

It may be recalled that,
Sv¥t
W

o
1

(2-;17)

t(for batch process) =
. Vv

and s vE%

X(for flow process)=':%— (2.18)

u h



The above equations show tﬁat fof a specifiea
. reverse osmosi§ system, any one of thg six quantities Cl’ Cé,
03,'63, T or X, and A uniqﬁely fixes gll the other five
quantities and that the performance of such speqifiea system-

can be predicted to express any five of these quantities as

a function of the sixth.

2.é- Reverse Osmosis Membrane Technology

Since the semipermeable'membrane is the heart of
the reverse osmosis process, the early work was initiated
in<search.for such suitable membranes. The first serious
effort to find reverse osmosis membranes suitable for QQQQ
desalination bﬁrpgses was apparently that of Reid (37) and K
his associates at the University of Florida. They concluded
that the-cellulose‘acetate membranes tested by them could
not be used as ultrafilters for purifying sallne waters
because their rate of filtration was too slow and their life
was limited to only a few weeks, and consequently some other
type of semipermeable membrane would proﬁaﬁly be developed
for the purpose. Soon after, in 1960, Loeb and Sourirajan
(50, 29) at UCLA developed their own technique for making
porous cellulose acetate membranes capable of g1v1ng both

high product water flows and high levels of solute separatlon

from aqueous sodium chloride solutions.

The Loeb-Sourirajan film-making technique is

essentially as follows: The film casting solution contains
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cellulose acetate.dissolved in a solvénf, such as acetone,’

" to vhich is added a watér soluﬁle additiie, such as an
aqﬁeous solution of mggneéiﬁm perchlbrate br pure formamide.
With the above solution, membranes are cast on flat or |
tubular surfaces (for example, glass plates or metgi tubes)
at specified ambient conditions. On casting, part of the
golﬁeqt_is ailqwed.to evaporéte for a definite_period of
time from the surface of the membrane at the temperature of
the casting atmosphere (evaporation step). This step is
followed by immersion of the membrane inlice-cold water for
at least «n hour; during this fime, the film sets to a gel
from which the solvent and the additive.are leached out
(gelation step) leaving a tough solid porous film on the
flat or the tubular surface from which it can be removed
easily. 'Every detail relating to the casting solution
cﬁmposition, evaporation step, and the gelation step affects
.the subsequent performance of the membrane in reverse
osmosis. Membranes made in the above manner have a rela-
tively dense microporous structure (pore size probably <SQX)
on an extremely thin layer (<0.25 micron) of the film surface
which was exposed to the atmosghere during casting. This
side of the film is called the "sufface layer side" and

| the other side the "back side". The bulk of the film
material underneath the thin surface layer is a spongy

)
porous mass containing comparatively very big (~4000-10,000A)
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intgrconnecting.po:es. Consequently; the ébove films are
' said to have an asymmetric porous structure. It is the
micrbporous st?ucture of tﬁe’dense surface laygr which
governs the level of solute separation in reverse‘osﬁosis,
and hence the surface layer side is held facing the feed

solution during reverse osmosis operation.

ﬁl -“Ih_thg,asfcast condition, the surface pores may
be too big to give any significant solute separation. 3But
thé membrane can be shrﬁnk and.the pore size reduced by
simply keeping the film immersed in hot water for about 10
miﬁutes (temperature treatment). Thus, by adjusting the
shrinkage temperature; different porosities on the surface
layer side of the ‘membrane capable 6f giving different
levels of solute separation for s g;ven solution system,
can be oﬁtgined. In order to stabilize the overall porous
structure of the film, it is necessary to subject the film
to an initial pressure treatment, following the temperature
treétment. The pressure treatment usually consists of
pumping water past the surface of the film mounted in the
reverse osmdsis unit.operating at a pressure about 15%
higher than the maximum inténded operating pressure for at

least one hour.

It should be pointed out that the asymmetric
- porous structure and capability for solute separation under

reverse osmosis operating conditions are the basic




characteristics of Loeb-Sourirajan type membranes. The
significant contribution involved in making such membranes
has opened the way for more developments in reverse osmosis

membrane technology and applications.

With respect to porous cellulose acetate membrenes,
‘two improvements have been reported in 1965, one by
Sourirajan and Govidan (43) and the other by Manjikian,

Loeb, and McCutchan (30), these membranes were designated as
Betch 18 and Batch 47 type membranes respectively. For

water desalination application, the performances of the
latter two types of filmswere about the.same, and very much
better than the performance of Batch 25 type films developed

earller by Loebd and SourlraJan.

Although the latter two developments of new
improved membranes have shown good performance, the need is
still great for developing more productive reverse osmosis

membranes for different applications.

During the past few years many materials have been
tested to determine their usefulness as reverse osmosis
membranes. Although some improved ﬁembranes especially
-'thbse based upon cellulose are being developed,~the cellulose'
acetate membranes, exhibiting the best performance, have

been the most widely used in commercial or research and

development reverse osmosis units for water-separation

applications.



- 26 -

A new approach to the general problem of developing
more productive reverse osmosis membranes has been stated
recently (1970) by Kunst and Sourirajan (26,27). 1In this
approach, the state or the structure of the casting solution
and the rate of solvent evaporation during film formation
together constitute an important interconnected variable
governlng the ultlmate porous structure, and hence the per-
formance of the resulting membranes in reverse osmosis. The
work with the new approach has led to the development of two
new types of porous cellulose acetate membranes designated

as Batch 301 and Batch 316 type films,

In the preparation of Batch 301 porous cel;ulose
acetate membranes, the temperature of the casting solution
and that of the casting atmosphere are different and con-
stitute separate variables. The iatter feature in the pro-
cess of making porous cellulose acetate membranes is the
basis of a major improvement reported by Kunst and
Sourirajan (26), and is.different from the common feature
in the process of making Batch 18 and 47 type membranes in
rhich the above two temperatures are the same. The pro-
ductivity of Batch 301 type membranes in reverse osmosis is
‘twiee that of Batch 18 and kT t&pe membranes at operating
pressures of 250 psig or less (28). The film casting

details with respect to Batch 25, 18, U7, 301, and 316 type

membranes are given in Table 1.
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Extending their earlier investigations (26-28),
Kunst and Sourirajan stated thét tﬁe distinguishing feature’
‘of their new approach to reverse osmosis membranes research
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
fllm formatlon, end the shrlnkage temperature proflle. On
the basis of the above correlatlon, they have developed |
the Batch 316 type porous cellulose acetate mgmbranes which
are in some respects even better than fhe Batch 301 type

membranes for low pressure reverse osmosis desalination and
other applications (25).

The development of Batch 316 type membranes
represents a significant contribution to the production of
more productive-low pressure operated reverse osmosis mem-

branes for the economical wide variety of reverse osmosis

process applications.

2.3 Reverse Osmosis for Wastewater Treatment

. Reverse osmosis is a general separation process.
Its application to water desalination has been extensively
studied. The possible application of the process to the
treatment and reclamation of wastewaters, however, has
relatively received little attention. It has been only

recently that considerable research work has been carried out



- 29. -

on the use of reverse osmosis for wastewater treatment and

reclamation.

The first reported work on the application of
reverse osmosis to wastewater reclamation was spoﬂsored'by
the U.S. Public Health Service during 1964 (L48). 1In this
work, two membrane‘cells, each containing a single 500 sq'cm.
sheet of membrane were operated at préssures 6f_50 and 100
atm, using municipal secondary sewage effluent. The proc;ss
was found highly effective in femoving many contaminants;

but serious problems were encountered with product water

flow rates.

At the Pomona Water Reclamatioh Facility,
California, a series of experiments-(s) using larger membrane
areas and rélatively lower system pressures were carried out
with municipal secondary treated wastewater as a feed.

After chlorination, the feed water was passed through a
diatomaceous earth filter and then into a number of spiral-
wound membrane modules operating in parallel. The cellulose
acetate mémbranes used in the experiments were prepared by
methods similar to tﬁose described by Loeb and Soutirajan (29)
but with various permeabilities and selectivities. Reporting
the experimental results (Table 2) Merten and Bray (32)

showed the potentialities of using reverse osmosis for
wastewater reclamation but recommended longer-term pilot-

plant scale studies for the complete assessment of such
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potentialities. They found that high-selectivity mémb:anes
gave good retention of multivaientfions, but univalent ions
were not so well retained. Finally, it was pointed out that
there is the possibility §f using less selective but more
permeable membranes and of operating with less highlyA
treated effluents. A laboratopy study conducted by Ironside
and Sourirajan (20) also indicated the possible prgétical
ﬁse.of the reverse osmosis pérous cellulose acetate membrane

technique for water pollution control and water renovation.:

In a summary report (49) on advanced waste treat-
ment research in the U.S., it was stated that reverse
osmosis has the capability.of removing inorganic and many
of fhe organic materiéls in wastewater but there is the
need for developing membranes with better capability of
removing soluble organics from‘waétewater. "It was
recommended that membrane configuratiqn, membrane fouling,
pretreatment requirements, and membrane life are to be
investigated. In another summary, Stenburg et al. (46)
emphasized the importance of developing longer-lived
‘membranes with high flux rates (20 gpd/sq ft to 30 gpd/sq
ft) to improve the cost of wastewater treatment by reverse
osmosis process. Improvements in the cost picture wduld
also result from optimizing the pretreatment requirements,

improving the product-to-waste ratio, and reducing membrane

costs.
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Parkhurst et al. (36) described the resulte of
further investigations into the use of reverse osmosis fer
wastewater reclamation‘carried out on a pilot plant basis
at Pomona, California, in early 1967. The system used was
composed of eighty-six spiral wound modules encased iﬁ nine
steel tubes. The modules contained 10 sq ft of cellulose
acetate membranes in a 5, 000 gpd reverse osmosis un1t manu-
factured by Gulf General Atomlc. Secondery treated sewage,
after carbon treatment, was acidified to a pH of approxi-
mately 5.0 and used as feed to the reverse osmosis unit
operated at 400 psi. Typical data on iefluent composition
and removal efficiencies are presented in Table 2. The
authors commented that reverse osmosis systems must te
investigated at considerable length before a reasonable
evaluation of its technical and economic potential can be
ascertained. A similar study was reported by Sudak and
Nusbaum (L47) using the 5,000 gpd revefse osmosis unit at
Pomona, California. The unit was operated at 400 psi on
effluent from an activated carbon column. This effluent
‘had previously been given secondary treatment by the
actlvated sludge process. The experimental run was extended
'in order to recover 80 to 85% of the feed water as a product.,
During this run, a simple daily flushing procedure was
established and was found effective in keeping the membranes
free of deposits heavy enough'to interfere with the trans-

port of water. The data on influent water quality and




percentage removal of the water pollutants by this reverse.
osmosis unit are given in Table 2. It was concluded that
reverse osmosis could have a valuable role in upgrading

wastewaters.

Hauck and Sourirajan (14) studied the performance
of some porous cellulose acetate membranes for the removal
of pollutants.from wastewatef; They used a typicél reverse.
osmosis membrane of the type Batch 18 in a laboratory scale
unit operating on raw séwage to recover 90% of the feed
water as product. The reported‘average BOD removals were
85.8 and 80.8% at operating pressures of 1000 and 500 psig

respectively. Under the conditions of the experiments made,

the average sgparation of nitrates, alkylbenzene sulfonate,
and phosphates were 50.3, 93 and >99% respectively. The
average product rates were 32.7 and 18.3 gpd/sq ft at 1000
and 500 psig respectively. The Membrane used was specified
.in terms of pure water permeability constant (A) and solute

: D
transport parameter (E%M) for sodium chloride. At operating

D
pressure of 1000 psig, the reported values of (A) and (E%M
6 gm.mole H20

, , -5
were 1.695 x 10 Sg.cm.scc.atm. and 3.457 x 10 cm/sec,

respectively.
It must be noted that.all of the above research
was accomplished using actual wastewaters which had pre--

viously been given different levels of treatment. Since

the composition and concentration of these wastewaters are




different, it is-important to study the removal of specific
wastewater chemical conétituenfs rather than solely investi-
gafe the removal of those'substances'found'in a variety of
treated wastéwaters. The last concept has been recentl&

emphasized by different workers.

Bennett et al. (3) and Hindin et al. (17) studied
the.permeation.through modified cellulose acetate‘membranes;
of a variety of organic chemical specieslthat may occur in
wastewater. Using a 1aboratqry scale reverse osmosis cell
operated at a pressure differential of 100 atmospheres
(about .1500 psi), they reported reductions in the range of
80 to 99 percent for those organic chemical species that
existed primarily in the colloidal, aggregate, micelle, or
macromolecular form, while removals of 50 to 80 percent
were obtained for molecules in true solution for which the
vapor pressure was apprecfably greater than that of water.
‘Therefore, it was claimed that the vapor-pressure theory
might be involved in the transport of some organics acrbss
the reverse osmosis membrane. The observed membrane flux
ﬁas in the range of 5 to 25 gpd/sq ft. The studies.conducted
with both aqueous solutions or,dispeésioné of chemical
;peciés‘mixtures and wastewater effluents containiné
speéific chemical species showed that the synergistic effect
present in the multi-component aqueous solution was not

bresént in sewage effluent. In another paper, Hindin and
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Bennett (16) presented considerable data on the removal of
specific inorganic species which afe found in mést tréated
wastewater effluents. Modified cellulose acetaté membranes
in a laboratory scale reverse osmosis cell were used.' The
authors also included results showing the permeation of the
major inorganic constituents of secondary-treated sewage

effluent. The latter results are presented in.Table 2.

The reverse osmosis separation of some organic
solutes in aqueous solution was investigated by Matsuura
and Sourirajan (31) using the Loeb-Sourirajan type porous
cellulose acetate membranes in a laboratory scale cell.
The organic compounds were'studied singly and in mixed ‘Qgg
systems. For.the system glucose-water, the résults showed
95% solute recovery with a processing capacity of 53
gallons of feed per day per sq ft of membrane surface
obtained for the concentration of aqueous glucose solution
from 0.1 to i.O M at an operating pressﬁre of 1500 psig
using a f£ilm capable of giving an average solute separation
of 97.7%. It was found that the prediction ﬁechnique
.de#eloped previously for aqueous'solution systems containing
mixed inorganic soluteé with a common ion vas aléo appli-
| ;able for the systems containiné non-ionic mixed orgénic
solhtes. Also, the authors reported that the reverse
osmosis transport characterisﬁics for the systems glucose-

water, maltose-water, lactose-water, ethylene glycol-water
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and propylene glycol-water in the. feed concentration ranges
0.1 t°.1-5 M, 0.03 to 0.11 M, 0.0% to 0.22 M, 0.2 to 1.5 M,
and 0.2 to 0.8 M, -respectively, were similar to those

observed for the system sodium chloride-water.

The work with actual treated wastewater effluents
in reverse osmosis treatment studies has been continued on
both laboratory and pilot pléht scales. Eden (9).pub1ished-
results of the treatment of raw sewvage after chemical
coagulétion and aeration carried out at Stevenage, England,
using & small recirculatory reverse osmosis system operated
at 600 psi. The product was compared with Stevenage tap
water and was found to be of rathef better quality. °‘These

results are giien in Table 2. Hardwick (13) also reported

the previous work and described the work at Harwell,
England, in whiéh tests were running for many months with
sewage effluent from settling tanks and percolating filters
) ‘using a larger scale reverse osmosis system. The cellulose
acetate membranes used showed satisfactory rejection of the
éfflﬁent constituents and were still functioning well after
6000 hours exposure. The author discussed the difficulties
attributable to bacterial attack and fouling of membranes
fut finally recommended reverse osmosis as a strong‘com-

petitor for several applications.

The foregoing review has only presehted the research

in reverse osmosis conducted in the treatment and reclamation
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of municipal wastéwaters.. However, reverse osmosis has also
been stgdied and successfully uéed for the treatment,
recbvery of valuable by—prbducts, and reuse of some industrial
wastewaters. Golomb and Besik (12) in a review article dis—
cussed ba;ic reverse osmosis designs and assesseq the
feasibility of employing reverse osmosis for treatment of,
‘.gpent liquors.f?om_fhe pulping industry, acid‘mine drainage '
waters, petroéhemical complex wastewater,'electroplating.waéte
streams, cheese whey waste streams,.cofn processing effluents,
and high-salinity irrigation return flows. A similar study
was conducted by Channabasappa (é) wvho provided a general
description éf the reverse osmosis pfocess for water reuse

application and included several examples and economic analysié‘

of the application of this process for wastewater renovation.

The literature has presented considerable data on
removal of different wastewater pollutants by the reverse
osmosis process but in many instances the emphasis was mainly

.on the rejection capability of cellulose acetate membranes
without appreciable regard to the productivity of such
mémbranes. Mofeover, in most cases, the reverse osmosis
membranes were not even specified so that the results can be
used iﬁ'scaling up the'process or comparing the perfbrmance

of different types of membranes.

Regarding the applicability of the reverse osmosis
process to wastewater treatment, it can be seen that the low

flux rates from the available reverse osmosis membranes as
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well as the compaction and fouling of.thesevmembranes are
the interrelated major problems involved, accordingly more

investigations should be directed toward solving these problems.

A possible solution to the low producti;ity éf
reverse osmosis membranes lies 'in the development and
utilization of more productive-low pressure operated membrﬁnes,
also requiréd.fqr the economic application of thelfeverse;
osmosis process. Because of the low concentratiﬁns of waste-
water constituents, the osmotic pressures of many wastewaéers

are usually small. Consequently, the treatment of such waste-

waters using reverse osmosis operation at low pressures is of ‘!

particular interest. Since the recently develgpéd Batch 316
porous cellulose acetate membranes h;ve shown higher productivity
in iow pressﬁre reverse osmosis desalination than any porous
cellulose acetate membranes developed earlier, it seems
reasonable to study the applicability of the Batch 316 type
membranes to the low pressure reverse osmosis treatment of
wastewaters. In this regard both membrane flux and membrane

efficiency of separating wastewater contaminants are of major

-eoncern.

2.4 Purpose and Scope

Thé purpose of this study was to investigate the
performance of the recently developed Batch 316 porous cellulose
acetate membranes for the removal of organics from wastewater

by the reverse osmosis process operated at low pressure.
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Since the performance of mémbranés is affected by
the character of their porous structure, the performance of
six membranes with differenf surface pére structures (shrunk
at different temperatures) was investigated. Also, iﬁ order

b'to get firm significance of the performance data, the membranes

used were first specified for the reference solution system
sodium chloride~water and_the reverse osmosis system performance
was.predictea.foflbroceés design applications using the sp;cified'
membranes. The applicability of the above membranes to waste-
water treatment was tested and emphasis was mainly on the
performance of memﬁranes for the removal of organic compounds

from wastewater rather than the inorganics because the latter \

have been studied for the use of reverse osmosis as a

demineralization process using the Batch 316 type membranes.

Laboratory investigations were carried out using
the flow-type reverse osmosis cells. The above six membranes

(Batch 316 type) were used throughout the study and were

tested at the same time in each experimental run. Essentially,
the experihental programme consisted of three phases. The
first phase was conducted using sodium chloride feed solutions.
Eigh£ wastewatér organic confaminants were individually present
in aqueous feed solutions to the reverse osmosis experimental
cell during the second phase of the study. 1In the third phase .

chlorinated primary municipal wastewater effluent was fed to

the reverse osmosis cell.
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CHAPTER 3

EXPERIMENTAL DETAILS

The laboratory inveétigations of reverse osmésis
process were carried out using Batch 316 porous cellulose
acetafe membranes and flow type cells. The films, (castiﬁg
details are given in Table 3), were made injﬁﬁe laboratorx in
accordance with the general Loeb-Sourirajan method (29).
Separation of sodium chloride, eight single organic compounds,
and primary sewage effluent constituents were studied. 1In |
eaéh experiment, pure water perméation rate, mémbrane permeated

product rate, and solute sepafation were determined.

3.1 Apparatus

The main part of the app;ratus used, the flow=-type
reverse osmésis cell (Figure 3-A), was made of Type 310 stain-
less steel and consisted of two detachable parts. The upper
part was a high pressure chamber prévided with inlet and outlet
openings for the flow of the feed solution under.pressure.
The lower part was the membrane stand provided with an outlet
openiné through which the membrane-permeated product solution
left. The effective area of the membrane in the cell was
7.6 cmz. The wet preshrunk membrane was mounted on a stain-
less steel porous plate embedded in the lower part of the
cell. Between the membrane and the porous plate was placed

a wet Whatman filter paper to protect the membrane from
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TABLE 3

FILM CASTING DETAILS

Film type: CA~NRC-316 (or simply, Batch 316)

Casting solution composition, weight.%‘
.Céllulésé ééefafe (Eaéfménv398-3):.
Acetone

Magnesium perchlorate

Water
Temperature of casting solution: 0°c
Temperature of‘casting atmosphere:' 24%¢

Cesting atmosphere: ambient air in contact with aqueous

solution of 30 wt.%acetone

Solvent evapération time: 6 minutes

17
69.2
1.hk5

‘12.35

N

Duration of film-setting in ice cold water: >1 hr

Nominal film thickness: 0.005 inch
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abrasion and also aid the-flow of the prbduct.solution through
the porous plate. The porous plate and the Whatman filter
papér offered practically ﬁo resistanée to fluid flow under
operating conditions. The upper and lower pafts of the cell
were set in proper alignment with rubber O-ring qontﬁcts be-~
tween the high pressure chamber and the wet membrane. A .
.preséure-tighf'joinf was Obtained by clamping the cell tightlyl
between two thick end-plates. '

The flow diagram of the experimental set-up
(Figures 3-B and 3-C) consisted qf the following:

a. Motor-driven controlled-capacity diaphragm duplex
pump -which was used to pump the feeg solution. under pressure
through the reverse osmosis cell. |

b. Surge tank to ﬁinimize the pressure fluctuations in
thg cell.

¢. Reverse osmosis cell as previously described.

. : d. Liquid-sealed Ashcroft pressure gauge to indicate
the fluid pressure under operating conditions.
e. Pﬁrge valve to drain the system whenever needed.
f. Stainless steel Grove pressure regulator to maintain

a constant operating pressure ip the cell.

g; ' Commercial gas cylinder to supply nitrogen gas under

pressure vwhich was used to load the dome of the Grove regulator.

Monel metal high pressure tubings and HIP high pressure fittings

made of Type 316 Stainless Steel were used throughout the system.
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FIGURE 3-C EXPRRIMENTAL

Distilled Water Line
Feed Water Container
Motor Driven Pump
Surge Tank

Reverse Osmosis Cells

SET-UP - PHOTOGRAPH

6. Product Water Container
7. Nitrogen CGas Cylinder
8. 1Inlet Pressure Gauge

9. Outlet Pressure Gauge
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3.2 -Experimental- Procedure

Six reverse osmoéis cells were used in series as
shown in Figure 3-C (only one cell is illustrated in Figure 3-A)
so that six different membranes‘couid be tesfed.concurrently.
Membranes preshrunk at different temperatures were uéed to
give differen@ surface pore structures and hence different
A_fleveis;bf’solqte separation aé'a given set of,bperﬁting con-.
ditions. 'Preliminéry experimentation indicated that sufficient
variation in surface pore structure was affected if the
shrinking temperatures for the temperature treatment of mem-
branes were 81, 7T, Tk, 72, 70 and 68°C; the corresponding
treated membranes were therefore deéignated as films No. 1, 2,
3, 4, 5 and 6 respectively. The temperature treatment consistéd
of heating the film gradually in water from the laboratory
temperature to the requiréd temperature where it was kept for

10 minutes and subsequently cooled rapidly.

The shrunk.membranes were initially subjected to a
pressure treatment at 350 psig with pure water for 2 hours
before subsequent use in reverse osmosis experiments at
operating pressures of 300 psig or less.

All reverse osmosis ekperimepts were carried out at
the laboratory temperature (m2h°C); Unless otherﬁise stated,
the experiments were of the short-run type, each lasting fér
about 2 hours. In each experiment, the pure water permeating

rete (PWP) and membrane permeated product rate (PR) in grams
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per houf per 7.6‘cm2 of effective film‘area,.and solute
separation.(f) were determined at the preset opeféting con;
ditioﬁs of pressure, feed cgncentration and feed flow rate.
'The reported product rates are those corrected to.25% using
the relative viscosity and density data for pure water. 1In
all experiments, the term "product™ and "product rate" refer
to_mgmbrane“permeated so;utipns.A TheIéccuraconf_the'product
rate data is witﬂin 3% in all cases. | h | '
Beéause of the low solute concentrations involvea,

the data on solute separation, f, were calculated from the

relation ' \

£ o= solute mg/l in feed - solute mg/l in product (3.1)
. solute mg/l in feed *

The accuracy of the separation data is within 1% and 2% res-

pectively for feed concentrations containing above and below

100 mg/l of solute.

3.3 Experimental Programme

The experimental programme was conducted through

three main sets of experiments designed to study the following

T T g AR Sl AL A

characteristics.

1. Specification and performance of the Batch-316-
type porous cellulose acetate membranes which was intended to

be used throughout the experimegtal study.

2. Reverse osmosis removal of some organic waste-
water constituents individually present in aqueous solutions

using the previouély specified membranes.



3. Removal of organic compounds from ectual,
primary treated,; chlorinated sewage by the same membranes in

the reverse osmosis treatment.

3.3.1 Specifications of Membranes and their Performance

Using the feed system,sodium chloride-water, experi-
ments were carrled out accordlng to the scheme presented 1n

'Table 4,

'The experimental (PWP), (PR), and f data obtained

were used as follows: - o S .

l. To calculate the . values of the pure water per-
meability constant, A, solute transport parameter, (DAM/KG)

for NaCl, and the mass transfer coefficient, k. At a given

operating pressure, the values of A, (DAM/KG), for sodium
chloride (as a reference solute) specify a membrane, while k,
on the high pressure side of the membrane for sodium chloride-
water system (as a reference solution), speclfles the feed
flow condition used. It is necessary to provide such specifi-
.cations for membranes and feed flow conditions used, in terms
or parameters easily obtainable for a convenient reference
‘feed solution systemn, so that we would be able to compare the
.relatlve performance of dlfferent membranes for feed solutlon
systems for which osmotic pressure and other physico-chemical
data are not readily availables

2. To show that the parameter (DAM/KG) is indepen-

dent of feed concentration and feed flow rate. Hence, the




lsp..

TABLE L

-Experimental Programme-Sodium Chloride Experiments

Experiment | Solute Feed Operating
No. Concentration Rgte. Pres?ure Remarks
ppm NaCl em~/min psig
1 . 1500 yoo | 300 1 Effect
2 2000 - koo 300 ot
3 | 2500 " hoo 300 Solute
4 | 3500 . "hoo 300 Concentration
5 .3500 . 200 300 Effect
6 3500 300 - 300 . of
T 3500 400 300 Feed
8 35000 500 .300 Rate
9 1500 koo 50 . Effect
10 1500 koo ”100 df
11 . 1500 100 200 © Operating
ia‘ R 1500 boo 250' Pressure

13 | 1500 koo 300
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membrane specifigations as obtained from thé above analysis
can be used for reverse osmosis system specification and pro;-
cess design following the general equations of Ohya and

Sourirajan {33).

3. To illustrate the productivity levels of the

membranes used in-this study.

3.3.2° Removal of Sinéle Qrganic Comboﬁnds

Since wastewaters and treated effluents are hetero-
genous mixtures, it is difficult to ensure the uniformity of
their characteristics. In this investigation, a study was con-

ducted to determine the permeation through reverse osmosis ‘

membranes of aqueous solutions of specific organic compounds

most frequently found in abundance in wastewaters (1,18,19,21,
35). At least threé different concentrations of each organiec
compound in aqueous solution were studied. ‘The span of concen-
tration selected for use was within the range Af most wastewaters
(1,18,19,21,35). Also, for each organic compound studied, this
concentration span cévered e wide range iﬁ ﬁhich'the average
concentration value for a certain organic compound as‘present

in wastewater treated effluents and a fold increase in
concentration of ten‘times the average value (which is expected

after 90% recovery of feed solution as product water), were
both included.

Since proteins, carbohydrates and fats are the major

organic groups present in sewage, six organic compounds were
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chosen to represent them in this studyl . Glucose (50 to.1000 ,
mg/l), sucfose (50 to 2000 gg/l), soluble starch (10 toyldo |
mg/l); (Difco) beef extract (100 to 2000 mg/l), glutamic acid
(10 to 550 mg/l), and sodium stearate (60 to lOOO«mé/l) vere
used in aqueous feed solﬁtions in the concentration ranges
indicated to represent respectively monosaccharide, disaccha- .
ride, POlysaccharide,_complex protein,.aminq-aéid_ahd,salt'of
fatty acid. Since synthetic detergents are also abundant in
many wastewaters, two suffactanfs; alkyl benzene sulfonaté

(5 to 100 mg/1l ABS) and linear alkylate sulfonate (2.5 to
100'mg/l LAS) were used in aéueous feed solutions in the con-
centration ranées indicated. Because of the low concentrations
of solutes, the corresponding osmotic pressures are small and
the reverse osmosis treatment operated at low pressures is of
practical interest. In this particular study, the operﬁting

pressure was 300 psig and the feed flow rate was hQO cm3/min.

3.3.3 Removal of Organics from Wastewater

Since the detailed coﬁposition ofﬁmuﬁicipal waste-
waters generally 1is nof known, the study of the reverse osmosis
treaﬁmeﬁt of actual wastewatérs 1s important to evaluate the
effecté of various components in such waters on the performance
of the cellulose acetate membranes used in this treatment.

Fér this purpose, reverse osmosis laboratory experiments were

carried out using chlorinated wastewater effluent obtained

from the Ottawa City primary sewage treatment plant. A grabd
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sample was takén-at 10 a.m. which, acéordiné to planf reéord,
would give an indication of conditions that occur when the
planf is receiving its maximum hourly load. Before applyingit
to the reverse osmosis apparatus, the Wastewater.sémple'was
filtered through a coarse filter paper (Whatman No. L1lH)

using a vacuum pump to remove big suspended particles, after .
whiph pH was gdjusted frqm17.6 to 6.2.(tobminimize'the hydrolysis.
of membranes) uéing 1.2 ml of conc. NaOH solution per 20 iiters .
of wastewatgr. Two revefse osﬁosis experiments were carried
out using the wastewater feed. The first experiment was of

thé short-run type lasting for about 1 hour. The second one

was run cpntinﬁously until 90% of the feed water was-
recovered. In the- latter experiment, permeated waters from
the six membranes were combined together while in the first
experiﬁent permeated waters were coilected separately from
each membrane to evaluate PWP, PR and percentége organic
material (measured as TOC)Fremoved. In the continuous experi- )
" ment, the average product rate from the éix,mehbraﬁes w;s

measured every 24 hrs while the product water collected through-

out the whole run was analyzed to evaluate the averdge removal

of the different wastewater constituents throughout the

experiment.

3.4 Analytical Techniques

The concentrations of the feed and product solutions .
were measured in each case using the most suitable analytical

technique. The analytical methods used in this study were
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sélecﬁed on the basié of sensitivity,at 1ow'concéntra£ions,
speed and ease of operation, and-prq%ious use in water and
wastewater analyées. Mqasurements,'at very low concentrations
only, .were carried out in @uplicafe or triplicaté. The analy-
tical techniques fall into three categories: +those used to
analyze the sodium chlofide solutions; those used in the“
_enalysis of the organic solutions; those used in thé analysis
of the wastewater constituents. - They will be outlined in

this order.

3.4.1 Sodium Chloride.Measuremeht ’ ‘ \

The concentration of sodium chloride was determined
by specific resistance measurements using a conductivity bridge

(Beckman Model RC 16B2).

3.4.2 Organic Solutions Analyses

~These were carried out as fql;ows. Carbohydrates,
glutamic acid and anionic surfactants were determined spectro-
photomet?ically using phenol-sulphuric acid (2,7), ninhydrin
(38), and methylene blue (L45) respectively as color developing
agents. Coleman Junior Spectrophotometer (Model 6B) was used
.in these analyses. Nitrégen content of protein solutipns
4were determined by the Kjeldahl ﬁethod (4s5). Oréanic carbon
content of sodium stearate solutions were measured using the

Beckman Total Carbon Analyzer (Model 915).
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. 3.4.2.1 Carbohydrate Determination

The éqncéntration of darbohydrate in sblutioﬂ was
measured using the phenol-sulphuric acid method (2,7). This
method was followed in gludose, sucrose, and starch determina-
tions.

With the phenol—éulphuric acid method, thé sample
."to be analyzed is réacted with sulphurié acid and an 80% phenol .
solution.A Under the acid conditions carbohydrates are converted
to furfurals which in turn react with fhe phenol, yielding a
char;cteristic stable yellow color, the.intensity of which is
proportional to the concentration of carbohydrate.in the sample.
The density of the colqr that developed was measured by making
spectrophotometric readings at a wavelength of ﬁBS mpy; and

later converted to carbohydrate concentration.

“3.h.2.2 Glutamic Acid Measurement

The amino acids in general react with the compound
ninhydrin (triketohydrindene hydrate) C6Hh.(co)3.H20. This
"resction has been made the basis for several different types
of quantitative methods for the determination of amino acids.
One of these quaentitative methods is based ujon the color
':éhange which results from fhe reaction of niﬁhydrin with NH,

(amino) groups to give diketohydrindylidene-diketohydrindamine.

A modified ninhydrin colorimetric method was followed

as described by Rosen (38) for glutamic acid determination.
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In this method, the sample to be anslyzed is reacted with 3%
ninhydrip solution in Meﬁhyl_Ceilosolve (ethylene glycol mono-
methyl ether) in the preseﬁce qf cyanide-acétate buffer which
mainteins the.reaction mixture at pH 5.0-5.2.' After heafing
this mixture for 15 min. at 100°C, isopropyl alcohol-water
dilutent is immediately added followed by vigorous sﬁaking and
'cqoling_to room temﬁerature.. The intensity of the color that
ldeveloped is péoporfioﬂal to the concentratioﬁ of glutami? |
acid in the sample. This intensity was measured at 570 mp
using spectrophotometric readings, and later converted to

glutamic acid concentration.

'3.h:2;3 Anionic Surfactant Detefﬁination

The methylene blue method was used in the measure-

ments of boﬁh alkyl benzene sulfonate (ABS) and linear alkylate
sulfonate (LAS) surface active agghts and was followed according
to the standard procedures (h45). This method depends on the
fgrmation of a blue~colored salt when methylene blue reacts

with anionic surface active agents (surfactants). The salt is
soluble in chloroform, and the intensity of éolor isvpropor—
tional to the poncentration of the surfactant used. Tﬂe
intensity is measured by making.gpectrophotometric readings

in this solvent at a wavélength of 652 mu, and latér cénverted

to surfactant concentration.
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3.4.2.4 Protein Measurement

The éieméntal'content of proteins inciﬁde caQbon,
hydrogen, oxygen, nitrogen, and sométimes sulphur andvphosphofus
in the following approximafé percéntages: C=-50 to 55, H-g to 8,
0-20 to 23, N-15 to 18, S-0 to 2.5, P=0 to 1.0, The protein
content of a waste sample cén therefore be estimated using any
.-of the elemental pefcentages;.‘However, since the average
nitrogen cbntent of mést proteins is known to be 16 percent,
the organic nitrogen content as determined using the‘Kjeldahl
nitrogen method (45) was chosen as & measure of the protein
content of beef extract solutions used in this study. If
required, the protein‘contenf can be estim#ted by multiplying
the Kjeldahl organic nitrogen value by 100/16, 6r 6.25. This
érocedure is often used by sanitary engineers to estimate the

protein content of wastewaters and of sludges (39).

Through digestion with a sulphuric acid solution,
the Kjeldahl nitrogen method converts organically bound nitrogen
~to ammonium biéulphate. The ammonium.bisulphaté is then made
alkaline and the resulting ammonia is distilled into boric

acid. The ammonium borate is then titrated with sulphuric acid,
and the nitrogen content of the sample under consideration is

determined using the value of this titration,

3.4.2.5 Organic Carbon Content Determination

One measurement of organic material that has proved

to be convenient is the organic carbon content. The total
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organic carbon (TOC) content of sodium stearate solutions used
in this stﬁdy vere determined using the Carbonacéous Anal&zef
Technique (49) which employs a dry oxidation system for this
determination. The TOC determination has great.accﬁracy'due‘
to the sensitivity of thé measuring equipment and the very

high degree of carbon oxidation that takes place.

'Knbwing the percentage carbon‘cohtént of sodium
stearate to be 68.3, the T0C values were converted to the

corresponding sodium stearate concentrations.

3.4.3 Wastewater Analysis

In:the reverse osmosis'experiménts using municipal
wastewater, the compositions of the wastewater feed and the.
renovated water product were analyzed as follows. Total dis-
solved solids were determined by evaporation, chemical oxygen
demand (COD) was determined using the dichromate reflux
method, ammonia nitrogen was determined spectrophotometrically
using the distillation method, total Kjeldahl nitrogen w;s
measured using the Kjeldahl method and nitrate nitrogen was
determined by the brucine method, according to the "Standard
Methoas" (ks) éiven for each. Total organic carbon (TOC)

. content was measured using the Carbonaceous Analyzer Technique
(49). Specific conductance measurements were carried out using
a conductivity bfidge; Orthophosate was determined using the

FWPCA modified method (10). This method is based on reactions
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that are specific for the ofthoPhosphatéiion. " The totél
phosphate content in watér Sampies was. determined following
thié method after-treating.the sampleé with‘strong acid
solution and émmonium persulfate to convert afaiiablé phosphorus
into the ofthophosphate form. In the FWPCA method,,g.solution

of phosphorus is reacted with ammonium molybdate and potassium

v. antim6nyl tartfate ;ﬁ an acid medium to form an’ antimony-
phosphate-molybdate complex. This complex is reduced io an
intensely blue-colored complex by ascorbic acid. The intensity
of the developed color is proportional to the phosphorus con~

centration. This intensity was measured spectrophotometrically

A O 0 T A AN i RN

at 880 mp, and later converted to phosphorus concentration
vhich was reported as f, mg/l. It should be pointed out that
the phosphorus concentration expressed as (P), when multiplied

by a factor of 3.1, gives the corresponding phosphorus content

D T S 1A T e Sl

expressed as (Poh).

BT ———

T S ST TG 5 500 g

oe—————"
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CHAPTER L

RESULTS AND ANALYSIS OF REVERSE OSMOSIS OPERATION

WITH SODIUM CHLORIDE SOLUTIONS

.Reverse osmosis short-run experiments using laboratory
scale flow type cell and sodium chlorlde aqueous feed solutions
"were carrled out followlng ‘the scheme presented in Table h In‘
each experiment, the pure water permeation rate (PWP) and
membrane permeated product rate (PR) in'gme per hour péf given

area of film surface (=7.6 sq cm in the cell used), and solute ‘

separation (f) were determined at the preset operating con-

ditions for each of the six films used throughout the study.
The experimental (PWP), (PR), and (f) data obtained were used,
following the Kimura-Sourirajan analysis (discussed in

Chapter 2), in specifying the membranes and the feed conditions
used (for the refereﬁce solution system sodium‘chloride-water).
The general equations of Ohya and Sourirajan (diecussed in
Chapter 2) wefe also used to specify and study'the performance
of reverse osmosis systems employing three of the previously
specified membranes chosen to obtain a wide variation in
esyetem performance; and the dimensionless parameter AQ was
used as a desién factor. An example was given £5 demonstrate
the feverse osmosis process design applications in which both

the membrane area and work requirements were considered.
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k.1 Specifications of Membranes and Feed Flow Conditions

For each membrane used'in:this study,.usiné the
experimental (PW?), (PR), and (f) data»obtaineavat préset
operating conditions for the reférence solution system sodium
chloride~water containing 1500 to 3500_mg/1 of salt and using
the physical properties of the feed solution, the values of A,

H(DAM/KG) for Nqu,‘and k were calculated from Equations 2.1,

2.2,.2.3, and 2.4 assuming constant molar density (c) for

feed and product solutions. The results of the computer
solutions of these equations are given, for each membrane,
in Appendix 1 along with the corresponding (PWP), (PR), and

(f) data. These results were used in the reverse osmosis

O R TP e i A9 wom—

data analysis‘and correlation,

Table 5 presents some of the above data on membrane
performance and membrane specification. Usihg a solution of
3500 mg/l sodium chloride operated at 300 psig, the solute A é
separations obtained with films 1, 2, 3, 4, 5, and 6 were

97.6, 95.6, 93.7, 91.0, 88.3, and 87.7% respectively, and

o ,“g“s‘,u\?ﬂ?‘m\i\;mvﬂ;:av‘in;‘:«!bwﬁri\mfmpe«»‘}.Tm»wm,.,h“.q‘.»k‘m_v‘

the correéponding membrane fluxes were 12.9, 19.5, 25.3, 29.1,
31.7, and 33.9 gpd/sq. ft. respectively. The above membranes

_were specified in terms of A and,(DAM/Kd)Na01 at 300 Psig.

For films 1 to.6, the values of A were in the range l.96x10'6

-6 & mole HpO ‘
sq.cm.sec.atnm

values were in the range l.27x10-5 to i6.12x10-

respectively, and the corresponding
5

to 5.20x10

(Dam/K8) yacy

cm/sec respectively. The data given in Table 5 illustrate the

high productivity at high solute separation levels obtained

with the Batch 316 type membranes operated at 300 psig.
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Unless otherwise stated, the feed flow condition
used in this study is that corresponding to a value of
k = hlxlO'h cm/sec” for the reference solution system 3500

mg/l NaCl-H_ O at 300 psig.

2

4.2 Analysis and Correlation of Reverse Osmosis'Exﬁerimental
Data ' ' .

The.écrrelationé of A, (DAM/KG)P and k'ﬁith operating
pressuré, feed conéentration, énd feed flow rate are of practical
interest from the point of view of sfecifying membranes and
predicting membrane performance under different experimental 1§!
conditions.

The effect of operating pressufe on the puré water
permeability constant is illustrated in Figure 4. The straight
line plots of log A vs. P, for all films used, indicate that
the relationship can be expreséed'as A« e-aP; where o is a
constant expressing the compressioh effect on the pure water
éermeability charactéristics of the particular film undgf
pressure.  The very small slope of each of the straight lines
shown in Figure 4 illustrate the insignificént«compression
effect on the overall porosity characteristics of the Batch 316
type films under pressure which'is an advantégeous charactgr

of this particular type of mémbraneé compared to the cther

types of porous cellulose acetate membranes developed earlier
(ko).
Figures 5 and 6 show that the parameter (DAM/KG) is

independent of feed rate and feed concentration. The variation
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of (DAM/KG) with P is shown in Figure 7.  The'exﬁeriméntal'
data illustrated in Figu?e T obéerve general straight-line
trends for the variation of (DAM/KG) with P exhibited by each
film used indicating that such variation can be expressed by
the relation (DAM/K§) « p~F repérted for other typeslof
membranes developéd earlier (discussed in Chapter 2i; where B8

Iis a constant for the particuiar membrane for the given solute.

The effeét of feed flow'rate on.k is shown in
Figure 8 for solution of 3500 mg/1 sﬁdium chloride. The
general trend observed by the experimental data in the log-log
plot of k vs. feed rate could cofrelate by & single line all
the data illustrated for the six films used with up td 30 per-
cent variation in the value of k observed for the different
films at a certain feed réte under the experimental conditions.
A 30 percent variation in the experimental values of k does
not appear to be too great from the point of view of establishing
a practical criterion for calculating mass transfer coefficients
(40). The specific correlation given in Figure 8 is for the
particulaf apparatus uéed. Average values of k can be obtained
ffom such corrélation. Also, the effect of feed flow rate on k
(Figure 8) can be expressed by the relation k « Q", where Q is-

' the feed rate in cm3 per second, and n is a constant characteris-

tic of the solution system and the apparatus used.

It should be pointed-out that experimental trends

similar to those given above have been reported for other types
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of cellulose acetate membranes devéloped earlier (ho); This
is an igportant fact because it.indicates that the membrane
speéifications ohtained frbm the.abofe anai&sis can be used
for reverse osmosis process design, a definite requiremeﬁt
for the use of the general equations of Ohya and Sourirajan

(33) as discussed in Chapter 2.

~ 4.3 Performance of Reverse Osmosis System

Using the generai equations for reverse osmosis pro-
cess design (Egs. 2.20 to 2.27), the performance data were
obtained for several systems employing three reverse osmosis
membranes (Nos. 1, 3, and 6) opefating at three different
preséures (100, 200, and 300 psi) for thé feed sodium chloride-
water system at three different concentrations (1500, 2500,
and 3500 ppﬁ). Thése systems were specified (by substituting
in Eqs. 2.8, 2.9 and 2;11) for the different operating con-
ditions as given in Table 6. The berformance data, as
ﬁabulated in Appendix 2, are the results of computer solutions
of the eqﬁations 2.20 to 2.27. For each.specified reverse
osmosis system, the performance data were arranged to give
53, T or X as functions of A. The values of A
were in steps of 0.05. The maximum value of A given in eggh

Cys Cps Cgs

table was determined only by the convenience of computation
procedure used in this work and does not represent the maxi-

mum attainable value for the system.
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. The reverse osmosis éystems performanée data f
(Appendix 2) are plotted in Figures'9, 10, and il which show
the relationships between A6 and F(=l - 55) for‘the different
combinations of y and 6 values at different values of A for |
the membranes Nos. 1, 3, and 6 respectively (f is the a#erage
fraction solute separation and A is the fraction product
recqvery).. Thesg plots arglgeneral, and they desqribeland'
predict the performance of any reverse‘osmosis system speci-

fied by the given values of vy, 8, and A0.

Figures 9, 10, an@'ll generally show that, for any
specified reverse osmosis system studied at a certain level
of product water recovery (A),.the average solute separation
(?) was increased witﬂ both the operating preséure (represented
By 9) and the X0 value, undér the specified conditions. This
increase was more significant at low operating pressures
(from 100 to 200 psi) and/or with A86.< 2. For A6 = 5 up to
o, in the Qbove specified system, tﬁe cofresponding f values
- are almbst the same at a certain level~of product recovery.
Meanwhile, for any specigied system, the value of T was
&ecreased with the increase in the fraction of recovered
. product (A). The latter effect is more sigpifi;ant at the
'highé} levels of product recovefed. In the range of éolute
concentration and operating pressure considered in this study,
it was shown (Figures 9 to ll) that the relationship between

T and A0, at a given A, was more affected by the change in

the operating pressure rather than the solute concentration.
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It must be p01nted out that, upon comparlng Flgures
9, 10, and 11, any .of the above reported effects. was more
evident with reverse ogm051s systems employing more porous
membranes (e.g., Film ﬁo.w6) ratﬁer than systems using less
porous membranes (e.g., Film No. 3). This is an imporfant
consideration in reverse osmosis process design.

The.yesuits given . in Figures 9 to 11 showéd that,
for reverse osmosis system operated at 300 psi with 1500 mg/1
sodium chloride solution to recover 89% of the feed solution
as product water, the average solute sepairations obtained

with any of the studied films were greater than 76 and 819%.
at 16 = 2 and 5 respectively.

The reverse osmosis system analysis as stated above
has shown useful results of practical significance in reverse

osmosis process design.

S Desigh'Applications

From the reverse osmosis membrane specifications

given in terms of A and (DAM/KG); the y and 6 parameters for

the reverse osmosis system are calculated (using Eqs. 2.8,

2.9, and 2.1) for diffefent-operating pressures; for each

assumed value of A0, the reverse osmosis system is then com-

pletely specified in terms of y, 6, and A. From the feed

and product concentrations, E3lis.fixed; the correéponding

A and 1 (or X) values are then calculated from the general
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equatlons for process design (Eqs. 2.20 to 2.27). The work
and membrane area requlrements are calculated u31ng the

following relations (34):

work required per unit ' } = PA+#(1-n)P(1-a) | (h.1)
volume of product recovered A T

where n represents fraction power recovery in sa reverse
osmosis unit Sinee (1 atm )(10 gallons) = 0.1066 kWh the
iwork requlrements in “terms of kWh per 1, 000 gallons of pro;
duct recovered can be calculated from Eq. ( ho1) using the
appropriate P, A, and n values for the parﬁicular ﬁembrane

and operating conditions. The membrane area S§ is given by

the relation:

. _
5-of 3 (h.2)
vw

vhere (Vi/t) = (product rate/A) and vx is given by Eq. (2.11).

As an example using the above relations, the power

and membrane area requirements Were calculated as functions

.of A6 for the already specified films 3 and 6 operating at
300 psi (20.4% atm.) with no power recovery (n=0) and A-factor
- 1.6, for obtaining product water containing 500 ppm of.salt

- from an aqueous'sodium chloride feed solution of 3500 ppm

"(brackish water). The resﬁlts, (Figure 12),.shoved that for
reverse osmosis system employing a more porous membrane
(e.g., film No. 6), the required power per 1,000 gallons of
the recovered product water wae‘greater than the power that

would be required if a less porous membrane (e.g., Film No. 3)




MEMBRANE AREA
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FILM TYPE : CA-NRC- 316

OPERATING PRESSURE: 300 psi (20.4 atm)
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NaCl IN PRODUCT : 500 ppm
A-FACTOR: 1.0
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FIGURE 12 EFFECT OF A0 ON WORK AND MEMBRANE

AREA REQUIREMENTS
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vas emplpyed. However, the membrane aresa per 106 gailons

of treated water per day requiréd fbr the reversé osmosis
system with more porous membrane was less than that area
required for the system w%th.less porous membrane., The
difference in power requirements between the above two
systems was more significant at low A6 values and was no
longer 31gn1f1cant for hlgh AO values (from AD 5 to °°)
whlle the requlred area for each system remained essentially
unaffected by the change in A6 values under thg conditions
specified in Figure 12. These results ére_of practical

significance in reverse osmosis process design.

Figure 12 shows £hat, for the increase in A0 value
froﬁ 2 to 5, the required kWh/lO3 gallons was &ecreased by
about 13 and T70% using films 3 and 6 respectively. The
cbrresponding membrane area'requiréd was essentially constant
in the‘range of A6 values studied. This indicates the signi-
ficant efféct of A6 value on the power réquirements for
systems employing more porous membranes. The results also
showed that, under the specified operating conditions, for a
practical value of A0 = 2, the work requirements were 3.1 and
16.7 kWh/1,000 gallons of product water recovered using films

3 and 6 respectively. The membrane area requirements, under
the same conditions, were 4.7 and 3.0 x 104 f,t2/106 gallons
of watef treated per day with films 3 and 6 respectively. It
should be pointed out that the above values for the work re-
guirement do not take into consideration friction and other

losses, and hence they present the practical minimum.
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k.s Summary

The membrane performance for low pressﬁre (up to
300'psi) reverse 0smosis sepafation of aqueous sodium.éhloride
solutions in the concentration'range of 1500 to‘3560 mg/l-
NaCl was studied under different operating conditions using
films 1, 2, 3, 4, 5, and 6. The results showed the high
productivity,and solutenseparation,capability bf the .type of

membranes used in this study.

The reverse osmosis basic transport relationships
(Eqs. 2.1 to 2.4) were used for calculating the values of A,
(DAM/KG) for sodium ch;oride, and k for sodium chloride solution

system from the experimental (PWP), (PR), and f data at preset

operating conditions for films 1, 2, 3, 4, 5, and 6. At a
given operating pressure, the values of A and (DAM/KG) specified
the particular membrane for the reference solution system

sodium chloride~water, and k specified the feed flow condition

used.

Analysis aﬁd correlations of exfefimental data
revealed that the membréne specifications obtained can be used
in reéverse osmosis process design following the general equations
of Ohyé and Sourirajan. The latter relationships (Egs. 2.20 to
é.Ef) were used to specify different réverse osmosis systems

and predict their performance with the reference solution

system using films 1, 3, and 6.
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In the range of solute concentration (1500 to 3500
mg/l NaCl) and operating pressure (iOO to 300 psi) considered
in this study, at a given level of product recoﬁery, the
reverse osmosis system penformancé was more affected by the
change in the operating pressure (especially at the lower
pressure range) than the solute concentration. The results

, showed‘thgt; fqr reverse osmq;is system operated at:3bQ psi
with 1500 mg/l sodium chloride solution and 80% product re-
covery, the average solute separations obtained with ény of
the films used in this study were greatér than 76 aﬁd 81% at
A0 = 2 &and 5 respectively.

The results are of practical significance in

reverse osmosis process design. An example for such design

considerations was given, in which the power and membrane

area requirements were calculated using membranes of higher
porosities (film 6) and lower porosities (film 3). For the
reference §olution system sodium chloriaé-water containing ‘ H
3500 mg/l of salt, the reverse osmosis process operated at A
300 psi to obtain product water containing 500 mg/l of salt
and with A-factor = 1, the minimum work requirements at a
practical value of A0 = 2 were 3.1 and 16.7 kWh per 103 gallons
of product water recovered using films 3 and‘6 respectively.

2

The corresponding area requirements were 4.7 and 3.0 x 10 ft

per 106 gallons of water treated per day with films 3 and 6

respectively.
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CHAPTER 5

' RESULTS OF REVERSE OSMOSIS OPERATION WITH ORGANIC WASTES

The previously specified membranes were used for
the separation of single organic compounds individually pre-
sented in aqueous solutions, after which the membranes were
applied to primary treated sewage to.test‘tﬁeir capability
'of removing the different waetewater constituents. All tests
were performed at 300 psig using the continuous-flow
laboratory-scale reverse osmosis cells. Unless otherwise
stated, the feed flow condition used was that corresponding

to a value of 'k = b1 x :I.O-h cm/sec for the reference solution

‘system 3500 mg/l NaCl-H,0.

5.1 Separation of Single Organic Compounds

Glucose, sucrose and soluble starch.ﬁere the carbo-
hydrates chosen for this study. A protein rich compound =
" "pifco" beef extract, an amino aeid-glutemie acid, and a
.sodium salt of a fatty acid-sodium stearate were also used.
Anionic¢ surface active agents were presented in this study
by the non—blodegradable compound (ABS) and the more readi;y
degradable one (LAS). Each of the foregoing organlcs, except

the soluble starch, was 1nd;v1dually present in aqueous

solution at, at least, three different concentrations. With

soluble starch, it was hard to ensure true aqueous solutions.
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. The pH of the glutamlc acid solutlons was adgusted at 6 0+0.1

by adding the required amounts of lN NaOH solutlon.

The reéults from reversevosmosis shorf runlexperi-‘
mentation»obﬁained with films No. 1, 2, 3, 4, 5, and 6, for
each organic solution system, (found in Appendix 3) are
graphically presented in Figures 13 to 19. In these figures
. both. the separqtipﬁ and product rate data are plottéd against
the feed concentration for the concentration range indicated

'~ for each studied system.

For the glucose-water system under the spegified
operating conditions, (Figure 13), the increase in feed con-
centration in the rahge 550 to 1000 mg/l slightly increased
the solute separation while a 10-fold increase of feed con-
éentration decreased the product rate by about 1.5%. The
results showed that under the above specified conditions,
glucose separation by reverse osmosis was >95.9% with average
fluxes of 15.5, 23.6, 30.8, 35.0, 38.1, and 40.9 gpd/sq. ft
“eould bé obtained, respectively, with films 1, 2, 3, 4, 5,
and 6.

Reverse osmosis experimental results showed that,

- for sucrose-water systém under the specified’ope?ating con=
ditions, (Figure 1k), the solute separation was essentially
consfant in the feed concentration range of &50 to 2000 ng/1,

and >99.3% solute separation could be obtained with films 1,
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2, 3, h,'s and 6 with average fluxes of 15.6, 23.8, 31.0,
35.3, 38.3, and 41.0 gpd/sq. ft resﬁectively. In the range
of concentration studied, a 10-fold increase of feed con- .

centration decreased the product rate by <2%.

Figure 15 shows that, under the specified operatiné
conditions, the separationbof soluble starch was increased
with increasing feed concentration in the range of nv10 to
100 mg/l; The corresponding product rate was practically
unaffected by the increase in feed cohcgntration because of
the narrow range of feed concentration studied. The figure
also shows that the average separation of soluble starch by
reverse osm051s vas about 97% which could be obtained with
films 1, 2, 3, 4, 5, and 6, under the spec1f1ed operating
conditions, with average fluxes of 15.9, 2k.0, 31.3, 35.1,

38.0, and 40.6 gpd/sq. ft respectively.

Using beefvextract feed solutipns in the range of
.&100 to 2000 mg/l (&10 to 250 mg/l as organic nitrogen) under
" the speéified'operating conditions, (Figure 16), it was
shown that a 10-fold increase of feed concentration decreased

the product rate by about 5% while increased the percentage

. solute separatlon by a value of about 4, The average separa-

tion of beef extract by reverse osmosis, under the specmfled
condltlons, was about 93% with average fluxes of 15.7, 23. Ts
30.5, 34.55 37.4, and 39.9 gpd/ sq. £t could be obtalned with

£ilms 1, 2, 3, 4, 5, and 6 respectively.
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The results of reverse osmosis experiments.ﬁith
glutamic acid showed that, undef thé specified oﬁerating‘
conditions (Figure l7),_solute separation was siightly
increased with feed concentration increase in thé range of
~10 to 500 mg/l, and >98.4% solute separation could bé
obtained with films 1, 2, 3, h,_S, and 6 with average fluxes
~of 15. 8, 24.0, 31.2, 35.3,.38.h, and hi. 0 gpd/sq. t res-

pectlvely.

With respect to the sodium stgarate-water system,
Figure 18 shows that the solute separation was essentially
unaffected by the increase in feed concentration in.the
range of nv60 to 1000 mg/l while.the product rate was @ecreased
by about 2% for a lO-fold increase of feed concentration for
films 4, 5, and 6. The product rates from films 1, 2, and 3
remained almost unchanged in the rénge of feed concentrations
studied. Under the specified operating conditions, the.
separation.of sodium stearate obtained was >97.5% with average
fluxes of 15.8, 24,0, 31.2, 32.8, 37.k, and 38.5 gpd/sq. ft |

could be obtained with films 1, 2, 3, 4, 5, and 6 respectively.

Figure 19 gives the separation and product rate
, data obtained for the systems ABS-Water and LAS-Water as a

function of the feed concentratlon in the range of NO to 100

mg/1l of total solutes. A 10-fold increase of feed concentra-

tion sllghtly increased the separation of both ABS and LAS

with a corresponding decrease in the product rate of about

|
|
i
|
i
{
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5.7% and 2.5% respectively. The separation of ABS by reverse
osmosis, operated under the specified conditiomﬂ was >96.8%
with average fluxes of 15.6, 23.8, 31.0, 35.1, 38.3, and

40.8 gpd/sq. ft which could be obtained using films 1, 2, 3,

4, 5, and 6 respectively. Under the same operating conditions,

LAS was separated >96.2% using films 1, 2, 3, 4, 5, and 6
‘ w1th the correspondlng product rates of 16.1, 2&,8, 32.2,

36.5, 40.1, and k2.1 gpd/sq. ft respectlvely.

The effect of feed flow rate on the performance of
reverse osmosis membranes operated at 300 psig was studied
using sucrose solutions of 2000 mg/l. Figure 20 shews that,
with-films 1, 2, 3, 4, 5, and 6 under the above specified
conditions, the solute separation was slightly increased with
the feed rate increasing from 200 to 500 cu em/min. . The

corresponding increase in the product rate was about 4%.

Tt should be pointed out that in this particular
‘étudy, for each organic feed solution system, the concentra-
"tion span studied covered both the average concentration of
the specifiec organic compound as found in actual wastewaters
and the expected concentration after 90% of feed soiution
recovery as product water (10-fold .increase in feed concentra—

tion). Consequently, the presented results are of pract1cal

significance.
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5.2 Relative Scales of Membrane Selectivity

Baséd.on the foregoing experimental results, it was
fouﬁd that solute separation;vat feed concentrations uf to
about 2000 mg/l, ié essentiallf unaffected by changes iﬁ feed
concentration for all solution systems studied at the feed
flow conditions used in this work.  Therefore ;elative memfrane
-selectiviﬁy for different solutes may;be ekpressedfin terms'
of relative levels of solute'separatioﬁ. Such seiectivity
date are presented in Figure 21 for all the solutes considered
in.this study, using NaCl as the reference solute. The six
relative lévelg of solute.separafion shown for.each solution

system are those given by the six films used in this work.

Fisure 2i shows that membranes capable of giving
NaCl separations of 87.5% or above could be used for the
treatment of wastewaters by reverse osmosis; Consequently,
the data on the performance of the six studied films are
significant. lfhe solute separation data available for the
reference solution sjstem NaCl-HéO could 5e used to predict

the relative solute separation data for the organic compounds

using the relative selectivity scale shown in Figure 21.

5.3 Removal of Wastewater Constituents

Reverse osmosis laboratory experiments were carried
out using the chlorinated wastewater effluent obtained from
the Ottawa City primary sewage treatment plant. The operating

pressure was 300 psig and the feed flow rate was'hoo cu cm/min.
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At first, a short-run type experiment lastiné for
about 1 hour, was carried out using the wastewater as a feed
The performance of each of the six membranes used throughout
this work was studled with particular reference to’ the removal
of organic wastewater constituents expressed in terms of their ' é
totsl organic carbon (TOC) content.‘ Table T presents the -
results obtalned with the typlcal fllms. Under the experi-.
mental condltlons, the average removal of TOC was >96% w1th
product rates of 1kh.5, 22.9, 29.1, 31.1, 33.4, and 33.9
gpd/sq. ft ottained with films 1, 2, 3, h,.S,vand 6 respec-
tively.

Another experiment was running continuously with
the wastewater feed in‘order to recover 90% of the feed as a

product water in a single-stage reverse osmosis process.

Table 8 gives the results obtained for different wastewater
constituents. The membranes flux decreased with the progression )
of the’experimental run. This was expected, especially with ' 1
_the primary sewage effluent feed which is an insufficiently ‘
treated type of uaste. However, after finishing this experi-

ment, when the pre01p1tate on membranes surface was simply

ped off with distilled water, the membranes flux was re-

covered‘when téested with sodium chloride aqueous solutions’.

The results given in Table 8 show that, using the
improved type of'reverse osmosis cellulose acetate membranes

300 psig, the organic content of wastewater as

operated at

\
S

SCi[NIIAE
dﬁvm**




- 100 -

TABLE 7

Membranes Performance Data with fhe Wastewater Feeda

Film Film T0C ‘ Product

No. Shrinkage reduction, rate,
Temp. °C ' . % , 'gpd/sg. ft
e g6 1his
2 | 7 v96.3 22.9
3 - Th - >96.3 i ".-- 29;1
4 72 ~ >96.3 31.1
5. | 70 L ' 96.3 | . 33#&
6 68  96.3 “ 33.9

&pilm type: CA-NRC-316 (Batch 316)
Feed: chlorinafed primary effluent
Feed TOC: 26.9 mg/l
Operating pressure: 300 psig

~ Feed rate: koo cm3/min
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TABLE 8

Removai of Wastewater Contaminants

. . « 8
by Reverse. Osmosis

Constituent  henta.  boseat  # Resovan

S TDS mg/l L '_73h1 . .151 9.k
Conductivity ymho '. 1090 201 ' 81.6‘
Ammonia mg/l-N 12.7 3.3 T4.0
Nitrates mg/l-N 1.2 0.57 52.5
Orthophosphates mg/l-P 1.25 0 ioo
Total phosphates mg/l-P 1.63 0 .- 100 -
COD mg/l _ 109 b 96.3
“POC mg/l - 26.9 1 96.3
pH - 6.2 7.0 -

&pilm type: CA-NRC-316 (Batch 316)

Feed: Chlorinated primary sewage effluent (residual
chiorine in feed is 0.5 ppm; feed pH was adjusted

at 6.2)

Operating pressure: 300 psig

Feed rate: 400 cm3/min
90% product recovery.




“water.

- 102 -

measured by the chgmical oxygen demand'énd_thé total 6rganic
carbon content was reduced by ahout 96%. The dissolved solids
in this wastewater. as meaéured by thé totai'dissolved soli&s |
content and shecific conductivity were reduced by about'éo%.
Phosphates in both the form of 6rtho and total phosphate

content were completely rejected by the type of cellulose,

.acetate membranes used in this study. The removal of nitrates

by these membranes was about 53% while, under the same con-

ditions, T4% of ammonia was removed.

The above results illustrate the capability of

improved reverse osmosis cellulose acetate membranes to give

a ‘high quality product water from wastewater feeds. ° ‘

The initial average membrane flux was 27T.3 gpd/sq.ft
which shows the pfoductivity of such membranes operated at low
pressure in the reverse osmosié treatment of wastewaters.

This flux was appreciably decreased with time apparently due

to the presence of sﬁspended and colloidal matter in the feed
These resulté show' the need for.developing appro-
priate pretreatment techniques and membrane cleaning pro-
cedures fhr the application of reverse osmosis to mﬁnicipal
wastewater treatment. No attempt was made to develop such
techniques and procedhres in this, work. The obJect of thls
particular study was simply to show the capability of re-

moving wastewater contaminants, mainly the organics, by the

new improved membranes used in the study.
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5.4 ‘Summary

In essence, the capability of thelimproved cellulose‘

acetate membranes for the low pressure reverse osmosis organlc
treatment of wastewaters was demonstrated. This membrane

process was found to be an efficient means of removing organics
.from wastewvater and.producing a high quality product water.

.. In tbelcbncentration range of 6rgenics found in'many waste- .
waters, the solute-separation by the studied membranes was
essentially unaffected by the concentration change, under the
specified operating conditions used. Also, under the experi-
mental specified conditions, the average product rates
obtained with each membrane were essentially unaffeeted by

the nature of the organic solute, for the organic materials

in the range of concentrations used in this particular study.

The average solute separation was ->90% which could be obtained.
with all films used.

Based on the experimental results, a relative

‘scale of membrane selectivity was given for each organic
solute studied, in terms of relative solute separation using

sodium chloride as the reference solute. Such a scale has

practlcal 51gn1flcance in reverse osmosis process de51gn for

wastewater treatment appllcatlons using the relatlve data

available for the reference solution system sodium chloride-

water.

O 2 X ANEELT TN 1 At
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" GHAPTER 6

DISCUSSION AND CONCLUSIONS -

This study was conducted to investigate the.pér-.
formance of improved porous celiulose acetate membrahés for
low pressure reverse osmosis separation of organics from

'wgstewaﬁer. The ngﬁly deve;oped‘cellulose acetgte'membrénes.
'designated as EA;NR6-3i6, or simply Batch 316, type membfaneé
operated at 300 psig were used for this purpose. Experi-
mentation was asccomplished using & laboratory-scale flow=-
type reverse osmosis cell. ‘Membfanes were first specified
for the reference solution system sddium_chloridefwatgr and
the obtained membrane specifications were used for reverse
osmosis process design for the above system. The specified
membranes were used for the reversé oémosis separation of
soﬁe wastewater organic constituen;s and removal of different
contaminants from chlorinated primary sewage effluent. 1In
each expériment, the pure water permeation rate (PWP), the
membrane permeated produpf rate (PR), and solute separatidn

(f) were the parameters determined at the preset operating

conditions.

6.1 Reverse Osmosis Membrane. Specifications and Process

Design

The correlations of €xperimental data on membrane

specificatioﬁ for the reference solution system sodium

:
&
)
4
¢
;
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chloride-water show that the solute trdneport'parameter
(DAM/KG), is independent of feed concentration and feed flow
rate. The effect of operafing pressure, P,'on the parameter.
(DAM/KG) could be expressed by nhe relation (DAM/KG) « pB;
where B is a constant for the particular membrane for the

given solute. The pure water permeability constant, A, is é
-aP

;also pressure dependent follow1ng the’ relatlon A« e
wvhere a is a constant having very small. values for Batch 316

type membranes under the conditions used.

For the reference solution system and the particular
apparatus used, the effect of feed flow rate, Q, on the mass
transfer coefficient, k, on the high pressure side of membrane

could be expressed by the relation k « Qn; where n is a constant.

The ' above experimental correlations similar to those
reported for other types of cellulose acetate membranes

developed earller (hO), are important because they show that,

the membrane speclflcatlons as obtained from the experimental

analysis can be used for reverse osmosis process design
following the general equations of Ohya and Sourirajan (33).
For the same reason, such correlations need experimental
conflrmatlon for every new type of membrane developed Also,
it is necessary to provide Spe01f1catlons for membranes |
and feed flow conditions used in terms of'parameters easily

obtalnable for a convenient reference feed solution system, ,

in order to compare the relative performance of dlfferent
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membranes for feed solution systems for which the physico- : ;

chemical data are not readily available.

Since'the experimental data obtainedvby thé six
membranes used in this study showed that these membranes
essentially exhibit a single relationship between k and Q, : P
an average value of k = hi x 16-h cm/sec for the reference
. solution systep 3500 mg/l.NgCl-HQO was cqnsidered, for all
membranes used, to express the feed flow condition used in

this study, unless otherwise stated.

The data on performance of membranes in the low
pressure reverse osmosis treatment of agueous sodium chloride

solutions containing 1500 to 3500 mg/l NaCl (Table 5.and

Appendix 1) illustrate the high productivity of the type of

!

J ?ﬁ;
(A
)

membranes used in this work under the given operating con-

ditions. These results are also of practical significance

in brackish water desalination applications.

The membrane specifications as obtained from the

(S WY\ T

experimental énalysis were used for reverse oémosis system
specification and process design following the Ohya-Sourirajan
analysis (33). Different reverse osmosis systems were
-.spécified and their performances were studied using three
different membranes (Films 1, 3 and 6). These‘membranes were
choéen to be of different surfaée pores size and consequently
reverse.osmosis systems with different performances could be

obtained using'these films. With respect to the six membranes ;
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used ﬁhrqughout this'investigation, £film 6 (preshrunk at
68°C) had the biggest (average) surface pores and film 1

(preshrunk at 81°¢) hed the smallest (average) surface pores

while film 3 (preshrunk atJ?hOC)'was the one with intermediate

pore size.

Under fhe specified conditions (Figures 9, 10, and
~'ll) and at a given.level of product reeovery, the average
separatioh in reverse osmosis is more affected by the change
in the operating pressure (more appreciable in the range of
100 to 200 psi) than the solute concentpation. This simply

means that reverse osmosis systems using such membranes would

,
)
I
0
+
\
4

be able to treat waters of varying quality without appreclable

effect on the average separation of contamlnants from these

waters. But, because the average solute separation decreases
with the increase in fraction product recovery, higher levels

of product recovery could be obtained with reverse osmosis

systems treating low concentrated solutions (without con-

A AFER L Wi

'siderabie effect on the average solute separation) than with

\

systems treating high concentrated solutions. Since the
average solute separatlon is not apprec1ably affected by the

change of 0perat1ng pressure in the range 200 to 300 ps1,_

' there is the poss1b111ty of using pressures less than 300 p51'

down to 200 psi. However, because the resulting product1v1ty

at the same levels of average solute separation and fraction

product recovery will considerably decrease with the decrease

in the operating pressure, the application of lower pressure,

\
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the application of lower pressure (<300 fsi) ﬁay not be
really advantageous from an economlc standp01nt It should
be p01nted out that the foreg01ng dlscu551on con51ders only
single stage reverse osmosis systems for the sake of

simplicity. Also, the above relations are considered for a

certain value of A6.

" The results indicatea that the éveraéé'sélute
separation, for a given reverse osmosis system under the
specifiéd conditions and at a given level of product recovery,
generally increased with the increase in the value of X8 and

this increase was more significant for A6 < 2 than for A0 > 2.

Based on the experimental results, for tle reverse osmosis

apparatus used in this study under the specified conditions

(at 300 psig), average values of 6 = 5.5, 2.9, and 2.1 could

be obtained for the reference solution using films 1, 3, and

6 respectively. A value of A0 = 2 appears the most desirable

ffom the point of view of maximum productivity.

it seems necessary to point out that all the above

considered effects are more significant with reverse osmosis

systems employing more porous membranes. This shows theat

with such systems, any requlred system performance could be

significantly controlled by the approprlate operatlng

conditions.

_For reverse osmosls process design, it has been

found that for the systems studied the work requirement is’

AN AN, \J2RE IR
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‘decreased with the increase in A8 valﬁe-whilé the area
requirement remains unaffécted by the change in A6 valﬁe.
Thé above work requiremen£ for revefse osﬁosis systems usihg
more porous membranes is greater than that fequired for
systems with less porous membranes. The difference.in power
‘requirements by the above two systems is more considerable
at low A6 vaiugs q#d is esseﬁtially iﬁsignificant'at high A8
values (from A6 = 5 to =), Under the same operating con-
ditions, more area is required by reverse osmosis systems
using less porous membranes than syétems with more porous

membranes. The work and aresa requirements are of practical

significance in reverse osmosis process . design and economical

consideration. The choice of'either more porous or less

porous membranes (when both give adequate separation) for
reverse osmosis systems under certain operating conditions
to produce water of a certain quality will be a matter of

_economical consideration for the cost of power and membranes

required for this object. This is true for systems with low

A6 values and is no longer valid for systems with high A6

values (& A® = 5 is practically considered to be approaching

the infinity as discussed before). In the latter case

reverse osmosis systems using more porous membranes, with

less area requirement and moreorless the same power require-

ment as systems with less porous membranes, will be pre-

ferred according to their higher productivities gt any given
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level of solute separatlon. This is the case in many
reverse osmosis appllcatlons to water pollutlon control for

which 1t has been,found that A6 = 5 is a practical value.

The results also illustrate the low power and area
required for reverse osmosis systems using the type'of mem-
branes used in this study compared with other types of |
membranes under the same’ condltlons (34). This- is due to
the high productivity, under low pressure operation, of the
type of membranes used in this study. Consequently, the
latter type of~membranes is recommended in‘reverse osmosis

for wastewater treatment and other water pollution control

applications.

The reverse osmosis process design consideration
as obtained for the reference solution system sodium chloride-
water could be used for reverse osmosis process application
to wastewater treatment. For instance, this may be used for
‘reverse osmosis systems treating the organic solutions em-
ployed in this study by following the relative scales of

membrane select1v1ty developed in the study (Figure 21). For

a particular reverse osmosis system operated at a certain A0

value to recover a certain fraction of product water using

the reference solutiom'system, fhe"average solute‘sepsration

obtained when referred to the relative selectivity scale of

any of the 6rganic solution systems studied will show the

sorresponding average organic solute separation value that

would be expected to be obtained using this particular'reverse

osmosis system.
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This also shows the practical significance of
developing relative scales of membrane selectivity for.

different types of wastevaters.

6.2 Reverse Osmosis for Wastewater Treatment

The study of reverse osmosis removal of organics
from wastewater was conducted w1th both organic synthetlc
wastewaters (51ngle organlcs in aqueous solutlons) and actual

wastewaters using the previously specified membranes.

Eighu organic compounds present individually in
aqueous solutlons in dlfferent concentrations up to 2000 mg/1
were studled._ Reagent grade glucose, Sucrose, soluble starch,
glutamic acid, and sodium stearate, and technical grade beef
extract, ABS, and LAS were used. The work with these single
compounds iu aqueous solutions, under the operating conditione
specified in Table 9, showed that the average removal of these
organics by reverse osmosis was >9Q% and that the average pro-
duct rates obtained with each.membrane were essentially
unaffected by the nature of'the orgenic solute and the change
in organic solute concentration. Moreover, solute separations
were essentiaily independenf of feed concentration under the
‘same conditions. These results are significant to reverse
osmosis process application for wastewater treatment and

illustrate that -the process'could accommodate a wastewater

feed stream that changes in composition and concentration

.
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contlnuously (e. g., domestlc sewage) The results also
illustrate the high product1v1ty of the type of membranes

used in this work.

The saverage solute sepérations for glucose,‘sﬁcrose,
soluble starch, beef extract, glutamic acid, sodium stearate,
ABS, and LAS were greater than 95.9, 99.3, 97 93, 98.h,

. 97.5, 96.8, and 96.2% respectively which could be obtalned by
all the films studied under the operatlng conditions used in
this study. Since the solute separations of these organics
covered only a narrow range, extensive comparisons or justi-
fication of differences are hardly possible. Moreover, the
difference in the chemical.nature of some of these o;ganics
makés any explanétion‘more difficult. However, in general,
it could be said that the effects of molecular structure,
molecular weight, and molecular 51ze are involved, as well

as the physico-chemical criteria such as the polar effect of

the solute molecule which governs reverse osmosis separation

of organic solutes in aqueous solution. For the separation

of glutamic acid, sodium stearate, ABS, and LAS, acidity (or

the proﬁon donating characteristic of the molecule) measured

by the ease of hydrogen bond formetion and/or the degree of

'dlssoc1atlon 6f the molecule in solution, is probably'the

relevant expression of the polar'effect of the molecules

involved. Tn the case of glucose, sucrose, and soluble starch,

the effect of molecular weight and molecular size could be

significant, in gddition to their structural characteristics.
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The separation of beef_extract which is a compiéx organic
compound, might be governed by a combination of the above

factors.

Although a relatively lower solute'séparatiOn was
reported for beef extract, Being a nitrogen containing com-
pound, the separation of glutamic acid which is also a
nitfbgen containing cpmpbund.was very high. ,This:can be
explained by the higher degree of dissociation of glutamic
acid especially when sodium hydroxide was added to glutamic
acid solutions to adjust the pH'of these feed solutions be-

fore application to reverse osmosis experimentation.

Tt should be pointed out that the slight increase
in solute separation with the increase in solute concentration
reported for some organic solution systems in the concentra-

tion range studied, is obviously due to agglomeration of
solute particles.

While the results of this particular study, with

chosen major organic compounds found in abundance in many

wastewaters, show satisfactory high separations of these

organics by reverse osmosis employing the type of membranes

used in this work, there are some other organic compounds

which might be present in wastewaters but could not be highly

separated by these membranes. However, the presence of such

compounds in wastewater feeds 'to reverse osmosis would not

significantiy affect the overall efficiency of organic removal
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by the reverse osmosis process'since these compbunds are,
in many cases, present in very 1ow:concentratiohs and do
not affect the final qpality of the product water.after the -

reverse osmosis treatment.

Since solute_separation in reverse osmosis 1is &
function of the extent of preferential sorption of water by
thermembrane.qatefial and .the porous structure of £he mem-
brane surface (ho),:the separation data obtained with any of
the membrane solution-operatiné systémg used in this pgrticu-

lar study do not represent the limiting values for the process.

The ﬁork with actual wastewaters showed that >96%
separation of érganicg (measured as TOC and COD) could be
obtained by the reversé osmosis treatment of these waste-
bwaters using fhe type of membranes studied in this work under
the operating conditioné stated in Teables T.and 8. This also

confirms the results obtained with the synthetic organic

wastes and illustrates the capability of these membranes for

efficient removal of organics. The product rates from

membranes 1, 2, 3, 4%, 5, and 6 treating the primary sewage
effluent were 14.5, 22.9, 29.1, 31,1, 33.4, and 33.9 gpd/sq.
ft respectively which illustrate the high productivity of

the type of mémbranes used when operated at low pressures.

A practical demonstration of the applicability of

the reverse osmosis process to wastewater treatment was

undertaken usihg the improved type of cellulose acetate
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membrangs considered in this study which operated af 300 psig
with chlorinated primary—treaféd m@nicipal wastewater feéd

and 90% product‘recove?y. Rejection of organics, nutrients,
and dissolved salts was very good. This is illustrated by
data presented in Table 8. The results obtained in tﬁis
particular study as shown in Table 8, using the more-productive
lowfpressure operated membranes of the type studied are com-
ﬁarable to tho;e.reported bj'other workefsvfor re&erselosﬁosis
.treatment of wastewaters using another t&pe of cellulose
acetate membranes operated at higher pfessures (Table 2).

The high product water quality obtainedlfrom the reverse
osmosis process, u31ng the 1mproved membranes used in this
study, suggests the potentiality of such treatment process

not only for pollution control applications but also to pro-
duce ﬁater which may be suitable for reuse with minor additional
‘treatment. The latter application of the process could be

important in maklng it economically fea51ble. Moreover, the

use of more productive-low pressure operated reverse osmosis

membranes of the type used in this study showed low power

‘and area requirements obtainable at practical levels of pro-

duct recovery. The use of such membranes in reverse osmosis
.'treatment of wastewaters would result in great reductions in

the treatment cost and consequently the economical feasibility

of the process.

The initial average membrane flux from the films

used in this study was 27.3 gpd/sq. £t which shows the high
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pro@uctivity of.the’type of membranee usedrwhen‘operated at
300 psig in the reverse osmosis treatment of primary sewege
efflment under the cenditiens stated in Table 8. The rapid
decrease in the membrane flux reported could be.apbreciEblyl
restored with the application of appropriate pretreatment
techniques (which are also required for prevenfing'the
paeterial“atﬁaek.to cellu;ose acetate.membranes),'amd mem=
brane cleaning rrocedures. ‘

For wastewater treatmenﬁ applications, the use of
more porous reverse osmosis membranes operated at low pressures
could result 1n more s1gn1f1cant reductlons in the cost of
treatment to produce water of high quality comperable to that

obtained with less porous membranes of the same type.

Based on the results obtained in this study, it
seems'necessery to point out that the advantage of using
reverse osmosis membrane treatment of wastewaters lies in

the capability of membranes, by controlling the gperating

conditions, to produce waters of differemt'quality levels to

meet different gquality standards required by municipalities

and.different.water reuse. ' Moreover, the potentiality of

membranes to remove dlfferent 1norganic and organic waste-

water constltuents and successfully treat wastewaters of

varying compositions and concentration without significant

change in the membrane performance, make the reverse osmosis

process an unique advanced wastewater treatment method com-

petitor of different water pollution control appllcatlons.
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The relative acale of membfane selectivity developed
for organics used in this study (Figure 21) has éractical
sighificance ia reverse osﬁosis procees design for wastewater
applications. Such a ecale, would be able to preqidt,'using
membranes specified for the reference sodiam chloride solution
system, the performance of such membranes while treating those
organlcs for which the scale is appllcable. Moreover, reverse
osmosis process de91gnlcon51deratlons for treatment of the |
above organic solutions ‘could be related to and obtained from
the design eonsiderations developed for the treatment of the
sodium chlefide-water reference solution systems as - pre-

viously discussed.

The experimental results indicate that, for the
type of membranes used in " this study under the conditions
specified in Figure 21, membranes capable of giving sodium
chloride separations of 87% or above are adequate for the

treatment of sewage Or similar wastewaters.

Oon the basis of the experimental findings in this

study, & major divergence from the traditional concept of

using reverse osmosis as & tertiary waste-treating method

could be the direct application of the process to wastewater

flows which have received special pretreatment sufficient to

bring about an efficient reverse osmosis treatment. Obviously,

ent of wastewater would be achieved by phys al-

such pretreatm l

chemical methods and its object is mainly the removal of
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partdcles in the.suspended and colloidal form, some organic
materials, and bacteria. In some cases it could simply. be
pH adjustment. A proposed.reverse osmosis single-stage
treatment might be carried out in steps until a fimal'con-
centrated solution is obtained which is more suitable to
handle for ultimate disposal leaving a high quality product
water recovered U51ng the “type of membranes employed in
this study, reverse osmosis units in series could be used'ln
order to recover a certa{n fraction of product water as
required. In such reverse osmosis series, the first step
units would be operated.at low pressure (e.g., 300 psi) and
could be phy81cally big. This step is followed by another
one of physically.smaller reverse osmosis unlts operated at

relatively higher pressure (e.g., 600 psi) with the concen=-
trated feed solutlon from the first step. The third step

reverse osmosis units could be phy31cally of stlll smaller

size than that used in the foregoing steps and operated at

vhlgh pressures (e.g., 1000 psi or more) with the concentrated

feed solution from the foregoing step. Three reverse osmosis

treatment steps as discussed above are thought to be sufficient

to concentrate the wastewater feed and recover big product

water volume of a high quality, which is collected through

the different reverse osmosis treatment steps. The concentrated

feed solution from any of these steps could be bypassed and

disposed of depending upon the required fraction of produbt

recovery. Also, membranes with different (average) surface
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pore sizes could be used through the different reverse
osmosis treatment steps. Membranes:with bigger (average)

surface pores would be used for the treatment of less con-

centrated wastewater feeds_ and operated at lower pressures
while membranes with smaller (average) surface pores could

be used to treat more concentrated feeds and operated at

~higher pressures.

6.3 Conclusions

1. The experimental data presented illustrate the
applicability of more productive low-preésure operated reverse
osmosis membranes for the removal of organics from wastewater
using the newly developed Batcn.3l6 type porous.celluiose

acetate membranes operated at 300 psi.

2. The analysis and correlation of reverse osmosis
experimental data obtained using Batch 316 type membranes are
similar to those reported earlier for ether types of'poroue
cellulose acetate membranes. The analysis developed by |
Seurirajan and his associates for reverse osmosis membranes
and membrane-solution eperating systems are appropriate for

systems using the Batch 316 type membranes.

3. In the application of Batch 316 type membranes

for separation of some organic solutes from aqueous solutions under

theconditions stated in Table 9, the solute separation 1is

essentially independent of feed concentration and the average

membrane flux is practically unaffected by the nature of the
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~soluteé. The average organic solute separation is >90% and
-the average membrane flux is in the:range 15.8 tb ho.6
gpd/sq.ft. ‘

k. Relative scales of membrane selectivity developed

for the organic solution systems, using NaCl—H20 as a reference

solution system, could be used in reverse osmosis -design for
.'wgstewater-treqtmeﬁt applications..
5. Reverse osmosis treatment of wastewater employing

Batch 316 type membranes could remove >96% of organics .

(measured as COD or TOC) from the wastewater producing a high

quality water.
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APPENDIX 1

MEMBRANE SPECIFICATIONS AND PERFORMANCE DATA*

*

PRESS = operating pressure (atm)
FEED ML = feed molality .

FEED RT = feed flow rate (cm>/min)

PWP = rate of pure water permeability per 7.6 cm2 of
membrane surface (g/hr) at 25°C

PROD RT = rate of membrane permeated product solution
per 7.6 cm? of membrane surface (g/hr) at 25°C

SEPRTN = solute separation

DAM = golute transport parameter (cm/sec)

MASS TRANS = mass transfer coefficient o
gide of membrane (cm/sec)

A = pure water permeability constant, g.mole Héo/sq.cm.
sec. atm.

n high pressure
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SN IUM CHLNRTIDE

ME pPPRESS FEERML EEEDRT PWP PRCNRT SEPPTN
2C.40C00 0.05740 390, C00N0 19,56000 1€.61000 C.5614610
2C.4€C00 N.62620 386 ,00000 19.P90G0 18.67000 N.97110
17.7600C 0.02720 415,C00O0 17.340C0 15.56000 0.9¢54C
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S RETE

SONTUM CHLORIGE

PWP

UANG PPFES FEEDML FEEDRPT ~ PRCNDRT SEPRTH
1 2C.4CCOC C.CH74C 360, 70000 29.260C0 24,97000 0.35890
2 2C.4CCOC N,€263C 286, C0O0NDN 29,€10CQ 27.66000 0. 952)01
3 17.6CC00 N,N2720 415,0n00CC 25.43000 22.84000 0. ?A?%C:
4 2C.40CCC CsC261C 4CHL. CCONOD 29.,5800C0 27.14000 0. inéC;
5 2C.4CC00C 0.0249C 410.cocco 30, 10000 27.37000 O.QGBQOﬁ
£ 2e.400C0 0.C4340 402,00000 28.850C0 25.732000 C.QEOSCL
7. S 2CqhCLCEN 0.C0010 404, C0OOCO 30.020CC 25.36000 0.95650;
2. 20.,4CC0N : 06010 206,00000 26, €40CN 24,12000 C.GQQGC;
© 2C.40C0N N.05820 "302.00000 29.,79000 25.06000 0.952h0;"
10 2C.4CC00 N.C607C 405,CCCCC 3C.020CH 25.,07000 0.95550;
11 2c.4C000 0,05710 5164 ,00000 31.44000 26435000 0.95710f
12 4,1CCCC N,02550 400,00000 6.070C0 4,49000 C.%1840,
13 7.3CC00 0.C2530 405.C0CC0 10,29000 8,700 Ne 31?804

14 14,1CCOC £.02580 403.00000 20.5%400C0 12.,54000 0.22450;
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0.32620-04 __ €.37910-02  0.27286D-05 0.1092D-02 _ 0.13790-02 _ 9.43670-0%

St asGro0h  0.34280-02  Q.A1260-C5 0,1C28D-C2 0.134A0=02  N.44140-047
0.32500-04___N.14400=02  0.30C03D-03 0,45920=C3 _ 0,50470=02 0. R343D=04:
“G.3T120-CA o‘lﬁa&ﬁfdi"“o S SREINI05  0.45560-03  0.46B5C-03  N.4341T-047

0.32170=04

e 3NE3N-02

C.27550-05

0.46460—(3

0.3 0433-04!
5. 25T =14

“NG3ICFCI=04

C.l7€6ﬂ—02
C.4C36N-02

C.3014D-05
$.23%30-05

0.45380-C3
De444E6L—C3

0.71C30-03"

0.56610-02

9.21310=04

0.4123C-04

<



SCATUM CHLIR Iﬂ':

FRCNPT

PRFSS ELEDIL FETNRT, PWP _ SEPRTN
1 20,4CCON 0.05740 390, CONCC 39,12000 32.46000 5. 9405¢!
2 2C.4CC00 0,02630 384 ,000N0N 38. 85000, 25,92000 0.94410
3 17.50C00 N.02720 415, 00000 33.,200C0 26.81000 0.33330"
4 26.4CCN0 0.C25610 405.0CC00 33, RBOECO 25,620C0 0.93570%
5 2C.acc0C 0. 03490 410.00000 39,62000 35,80000 o.qsaac”
b 2C.4CC00 N.04340°  408.00900 38, 010CO 33.62000 0.933000
T 2T.6CCO0 D.Cr0OL0 404 .C0000 39, 22000 73,10000 c.”va,c
) 2C.4CCO0 n.CAHOLQ 206,00000 38,79000 31.18000 0.923200
Q 2C.4CCO0 C.05A20 303, CCNCC 35, 260C0 32.61000 0.9297 7
10 20.,4CCN0 0.06070 405 .00000 38,970C0 32.61000 0.9371Gh
11 2C.4cCCCC 0.C57L0 516, CON0OG 41.150C0 34,20000 0. ng?M
12 . 4,00C00 0.02550 400 ,0CCCE 7.610C0 5000 0.7567 00
13 7.1CCN0 C.C2530 405.00000 13.190€C0 11.350C0 . q51e~'
14 14.CCC00 C.02589 403,0000¢C 26.270C0 24,22000 0. q:a4o~
15 17.16C00 n.02520 403,CN000 23, 28000 26.94000 C.22000"
15 21.CCCO0 N.02470 402 ,00000 39,76000 36,93000 0.9377¢%
RRuNND CAY MASSTRANS A XAl XA2 XA3
TGS 04  C.3459D-02  0.38400-0%  0.1033D-C2  0,14330-02 A B164D=N4A
? O.Q?b?E—O4 c.43450=N2  C.3362D—-05  0.473£D-C3  0,63180-03 1,2649N-04y
2 0.5C620~ 0.25110-N2 - 0.3343D=-05  0.489RD-03 N. 732810 D.32630-04%)
4. CJSEEAL- ca C.3Ca60-02  0.336AD-05  0,47000-C3_ 0.,7C35C-03  0.302%7" 04,
5 0.6764C=N4 N 4723702 0 .,39350—=C5 0.6284N-C3 3. 8167003 0. 4NCAN= oAl
6 C.E4260=C4  0,551C07=02  0,37750205 N.78130-03  0.56540-03  0.47730~ nd
O 6B =04 0.55500-02  C.3A0G6D-05 N.10820=-C2  0.13230-02 q 7oevn nyA
g 0,60 1ﬂr-oa 0.24780-02 0,335N=05  0,1632D-C?  0.1£62N-0Z 3179~ aqL
9 0.€4540- G 38402  €.3303D-06  0.10470-02  0.14330-07 0.73720—0w
10 0N,62530- 04  0.47750-02  C.3£750-C5 0.1C52D=C2 _ 0.12831-02 n.68300-04!
1AL e Ar-04  0.36400-02  0.4091D-05  0.1028D-02 D.14240-02  Ne63540-14
17 0.£5560-04  C.42720-02  C. 38560-05__ 0,45920-03  0.47710-03 N 11189=-07%;
13 TT0.72210-94  =0,49420-01 0. 9 EADS0E 0.45560- (3 0.45230-03  0.67560-04
14 0.61740-04  0.3€21D-92 0. 36030-05  0.46460-03  0,58310-03  0,37647704;
50,501 I0=04 FSTASD=02  C.36550-08  0.45380-(3 0.72740-0% 0. 3T7a5-04
15 0.£358C-04  0£.38380-02  0.38400-05 0.44490-C3  0.6175D-02  0.27730-04
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TSP IUM. CFLORIDE

PRANRT

LANC PRESS FEECML FEECOT PWP ‘SEPRTH
1 2C.4CC00 0.05740 390,0000C 44 ,0R8000 37.53000 Ne 1243
2 20,4CCC0 0.02630 386, 00000 44,83000 41.,49000 0.91427
3 17,40600C 0.02720  415.CCCCC 28, 0ROCO 34,42000 0.30380"
4 2C. 40000 0.02610 406 ,00000 44,520C0 40,92000 " C.QC95C
5 2C.4CC0ON N.03490 411, C0ON00 45,31000 41.,12700 0.7113a"
6 2C.4CC00 0,04340 - 409 ,00000 ‘:43,78000 28,71000 C 90930
7. 26¢. 40000 0.C6010 404 ,00600 %45,12000 3A.N3000 0.90758 0
3 20.,4CCOG 0.06010 204,CCCCH 44,430C0 15.95000 c. P“?BWn
10 2C.4C600 0. G670 405, 00600 44,94000 37.42000 0.9104C,
11 2C.4CCN0 0.05710 516.CC0CO 46.610C0 26, 15000 C. oca§ﬁ“
12 3,60000 n,02559 490,00000 8,62000 £.76000 0.58630,
13 7.cCcon C.C2530 405.20C00 15,0800 12.12000 C.75500
14 13.9CC0C N.N2580 402 ,N0000 30, 92NC0 27.54000 0.32400
15 16.5CC0O0 0,02520 403.00000 38.2€000 34.36000 0.9098¢"
16 2C.4€C00 0.02470 402,60C000 45,200C0 42,10000 €.9135"
: QRUNNO LAv MASSTRANS A XA1 XA?2 XA2 .
1 0.1040T-03 T57410=92  C.43830-C5  0.10330-C2  0.12R30-02 0.9C6N0=04"
2 0,10220-02 0.46590—-07  0.44570D=05  0.4736N-03  0.64C80-03 0,40330-04
3 0.SCC3C-04 T 31510=02  C.44360-05  0.4B08D-C3  0.7C770-03 9. GTI55-n4"
4  0.9794C=04 0.25560-02 0.4426N—C5  0.47000-03  0,6%420-03 Q. 4256004
e aJ11z1r-03 C.57270-02 O A5 RGD=06  0.62840-C3  0.85Can-03 0. 5§54 79-04""
¢ 0.1073C0-03 -C.5165D-02  0.4353D-05 0,7813D=03 0.10C4N=02 0.7093N=-04&
e S T 0.54650-02  0.4486D-05 0. 10A20-F2 T 0.12670-02  C. 10¢3=-n7"
R o.qe¢4n—04 0.2232D-02  0.44170-0%  0.10820-02 0.16540-02 2. 11550=1071
3 L161A01=02 G.a76T0-02  0.44210-C5  0.1C470-C2  0,14630-02 Je10030=0 7
10 n.,,ajr -04 0.2501D-02  0.44630=N%  0,10020-02  0,14460-02 3 9RCAN-N&
Y1 T TR 1 0840=-03 A5 170-02  0.4A34N=05  0.1028D-C2  0.13770=02 G4 jen-na”
12 0.1C74L=02 _ 0,46120-02 C.4483D—-05 0.4592D-C3 0. 4766N-01w”_3_;§q10—01,
13777, 1302r=03 —C.1111C0-01 .43 T00—NG  0.4556D-C3  0.44C72D=-03 A3450-N4"
14 0.10430-03  C.4C370-02  0,45120-05 ° 0. 4646D-02  0.58210-03 n sanwh e
18 0.€E4C20-04 Y.35120-72  0.45°20-05  0.4538D-C3 0. 72CtN-GC2 Re450h~N4"
16 0.1054D=-C3 C.4715N-02  0.44CAD-05  0.4448D-C3  0.60210-03 N«38500-0¢,
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SANILM CFLORTLE.

UANG PRESS FEFDML FEENRT PP FRCDRT SEPPTN

1 2C.4(CCC " 0.C5740 300.00000 48,530C0 41,4200C 0.33460

? 2C.4CC0NO "0,N2630 3R6,00000 49, 22000 45,21000 0.8953n
3 17.3CCOC 0.C2720 415.000100 41,060C0 37.22000 f.R7550

4 2C.,4CCN0 0.,0261C 406,CCNCH 48,240C0 44 ,34000 0.38520
5 2C.4CCQ0 0.73470 410.00009 49,040C0 44,7000 0.2R739
£ . 2C.4CCNO0 0o C4340 408, 0ONNON 47.3270C0 42.,07000 0.83670
"7 2C4CCO0O" 0.C601C 404, COCEC 49, C30CC 41, 37000 NeRI2AN |
8 2C.4C€C0O0 "0L.06010 206.00000 43.17000 35,30000 ND.86230 |

) 2C.4CCCO 0. 0C582¢C 30AR, CROCO 49,060C0 4C.26000 0.87560
10 2C.4CC00 0.C607C 405 ,CCOO0 48, 830C0 40, 76000 0.38300 .
11 2C.4CCOC 0.05710 516.CCOD0 5026000 42.37000 C.318490 "
12 3, 7(CCC 0,02550 400, CO0NN0 39,1200 7.37000 0.62%70 .
13 6.5CCN0 0.02520 405,.,00C00 16.280C0 14.230C0 C.74420
14 13.70CNC 0.02589 413,00000 33.35000 30,24000 0.84950
15 16£.8CCOC 0.02520 4¢3, CCCGO 41.260CC 37.18000 N.36390
1¢ 2C.7CCO0 0.02477 402 .0000C 49,320C0 45.,96000 C.8851N |
JUAND CAV’ MASSTRANS A XAl XA2 XA3 ‘Eﬁ
I 7

5.11960-03

0.153281-02
N, 12520-0C3

0.59350-02
C.3797D=-02

0.4R825D-05
0.,42940-05

0.1033D-02

0,4726D-C2

0.12690-02
0.7C630-03

0.4962D-064

.1202C=03
Ne13460-03

C.2414D-07
£.36190-02

C.4H140-C5
0.47960-05

C.48980D-0C3
0.47000=03

0.7CC2N=02
0., 7C57N=03

0.61020—04{
D.53590-04

C.16260-03

0.663C0D-02
N.5837C-02

C48760-05
0.47100—05

0. 6284D0-C3
N, 7812n-C3

0.,734A0=N3
0, 56C7TD-03

N L. T0BTO=04
Do g 81‘._4 N— 0/¢~'
7.12690-0G32

0.15110-03
0.,15170=03

0.5339D-02
0.20690-02

C.42381N=-05
0.478%N=-C2

0.10820-02
C.1C32N-02

0,13950-02
(1. 16330-02

0.1486D—H3J

N.13040=-03;

DD O Nl Win —
[

(. 14410=072
0.14700-03
0.,1424D-02

Q.40260-02
0.462C0-02

0.,4%783D-05
C.4°55D-0%

0.10470-02
0.10920=02

0. 14620-02
N.14607-02

N,128002-03 .

T0.14520-03
N 15F5C-C2

G bbShr=02
0.19130+01

N.4767N-05
0.496990-05

Osl76a1-03

C.307320~01
N4 GHT-02

C.47260-05
0.4027N=0F

0.1028N—C2
0.4592D-03

N.12840-C2
0.4592D-C3

0.45560-03
T N.464(N=C3

N 46020-07
D.E746N-03

0.11840-02 "
J.17CH0=-02

TAVII6R YN

Ne56530N=0a&.

N,1535-03
(e 122£0=-03

e 267130-22
C.4841N-02

Ge4M210-05
C.4332N=-05

0.453PD=-0%
0.4448D=C3

0.7159P-03
0.4086D-03

0.51140-04

n.15450-03
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Jvee

SEDTLA CRLOPINE

13 0.17230=07

Ce5nz1N-07

005247["05

JUANC PRFSS FEESML FEFNRT PWP_  PRODRT SEPRTHN

1 2C.ACC0O0 C.C261C 406, 0COCC 51, 9C0CN 47.51000 037417
2 2C. 40000 0.N3490 410,00000 52. 76000 47.84000 0.37750
3 2€.4CCON 0.04340 403, C0000 51,28000 45,18000 0.37230
4 20,40C00 0.C6010 404 ,C0000 52,750C0 44,25000 0.87590 .
5 2C.40C00 “0.GCH010 206 .00000 ° 52.32000 42 .,040C0 0.34630
6. .. 2C.4CCCC C.05820 308, GCCCC 53, C7000 43,74000 0.85910
7 T 20.4C0N0 N.06070 %05 ,00000 52.28000 43.61000 T 0.37660 "
8 2c.40600 ©0.0571C . 515.60007 53, 20000 45,21000 C.87330 |
9 3.60C000 0.02550 401, 000N G.660CN 7.76000 0.607490
10 5,7¢C00 N.02539 405 .00099 17.420CC 15.12000 0.7327C
11 12.60C030C 0.02580 403,00000 35.,900C0 32.37000 0.34150
12 . 16.76C00 0.02570 403 ,00000 44,24000 16, G8000 0.86220 .
13 2C.50C0C 0.02470 402 .00000 53,06320C0 45.36000 0.87960
R UINRG CAV MASSTRANS A XAl XA2 XA3 Q!H
1 N.15116-03 0.34340-12 0.5160C-05__ 0.470CD-C3 0.74120-03  0.56210-94 .
2 0.17660-02 0D.5hHaBD-02 0.5246P—N5  0.62840-C2 N.82910-02  0.7702D-04%
3 0.16220-03  N.49066C=02  0.50390-05 0.78120-C3.  0.1C53D-02 C.6400D-04 ,
4 0.16770-03  0.5128D-02 0.5745D-n5  0.10820-02  0,14240D-02 N.13640-073
5  0.1A110-N3  0.2310D-02 €.52C70=03 0.1C320—C2  0.1750D0-02  0.16588=07,
6 0.15%20-03 0 25180-02  0.5277D-05 . 0.10470-02 0. 16650-02  Ne13730-23}
7. 0.16120-07 0.47320-02  C.51530=95  0.19920-C2 0.14720-02  0.1350D=02%
8 N.15050-03 0.4539D-n2  0.5356D-05  0.10200—C2 51696002 1.12520-27
¢  0.l%25r-03  €.92110-01 0.54430-05 0.45920-C2  0.46C10-073 DJIBCIN-67,
10 "0.1€950-03 C570a0=n1 0.582740=05  0.455N-03 AL4Ei50-03  1.12170-73
11 N.156530=-03 0.33720=02  0,5254D=0%  0,46400-03 0.60220-02  N.73A20-04
12 0.14C1D-C3. T35 000-N0  D.53 250=05 h.ABIFE-03  0.71L10-03  0.A2300-04
0. 44400=C3  0.61440-03  0.53590-0%,
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APPENDIX 2

REVERSE OSMOSIS SYSTEM ANALYSiS DATA*®

n - these are for systems having actual
uld be obtained using the reference
-Water and the apparatus employed in

*Some data are give
values of A6 that co
solution system NaCl
this study.
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_FIIM NO 1

y = 0.060 8 = 0.0180 A6 = 5.00C PEB=TNFINITE

A cl c2 €3 €3 T OR X
0.0 1.000 1.200°  0.2279E-01 0.2279E-01 0.0
0.5C00E-01 1.051 "1.260 0.2404E-01 0.2350E-01 0.5390E-01
0.1000E+00 1.108 1.328 0.2543E-01 0.2411E-01 0.1080
0.1500 - 1.172. 1.403 - . 0.2699E-01 0.2482E-01 0.1624
0.2000 1.24%4 .87 0.2876E-01 0.2558E-01 0.2170
0.25CC 1.325 1.582 0.3C7BE—-01 0.2642E-01 0.,2720
0.3000 1.417 1.690 0.3311E-01 0.2734E-01 0.3273
0.3500 1.523 1.814 0.3583E-01 0.28356-01 C.3830
0.40CC 1.647 1.558 0.3904E-01 0.2948E-01 0.4393
0.4500 1.793 2.128 G-42B9E=01 0.3075E-01 0.4961
0.5000 1.968 2.330 0.4759E-01 0.3219E-01 0.5536
0.55CC 2.181 7.514 0.5346E—01 0.33856-01 0.6120
0.6000 2.446 2.678 0.6101E-01 0.3578E-01 0.6715
0.€5CC 2,786 3.263 C7107E-01 0.3609E-01 0.7325
0.7CCC 3.238 3.769 0.8514E-01 0.4091E-01 0.7955
0;7500' 3.866 4.465 0.1062 0.4450E-01 0.8613
o.abco 4.804 5.482 0.1416 0.4935E-01 0.9316
G, 8500 6+349 7.111 . 0.2110 0.56556-01 1.010
9.9000 9.375 10.15 64221 0.6964E-01 1.109
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0.€5CC

_FILM NO. 1
y.= 0.100 T = 0-0l$0 R 'ks.obo - PEE=INFINITE -
A _ cL c2_ c3 T3 1 OR X
0.0 1.000 “1.189 5. 23736-01 o.23735—o1:cec
T0.500CE-01 1,051 1.248 0. 2509E-01 0.2449E-01 0.5678E-01
0.1CCCE+00  1.1C8 1.314 0.2660E-01 02516601 0oIT40
'0-1500-~ T.172. . .. 1.388 - . 0.2832E-C1 0,25935—01 b.l?lbi
0.2€00 1,243 1.470 0.3027€-01 G.2€T6E-0T 0.2257
0.2500 1.324 1.563 0.3251E-01 0.2769E-01 GaREE
0.3C00 1.416 1. 668 0.35126-01 0.2B871E-01 0.3478
"0.35CC 1.522 1.789 0T3BI9E=0T 0.2984E-01 04080
0.4000 1.646.. 1.679  0.4186E-C1 C.3111E-Cl C.4€91
0.45C0 1.762 2.C52 0 4631E-01 0.3254E-01 75913
0. 5000 1.566 2.287 o.5i835—01 0.3418E-01 0.5%949
0.5500 2.178 Z.523 G SEESE=01 0.3605E-C1 C.6602
0.6000 2.442 2.613 0.6811E-01 0.3€35E-01 0.7278
0.6500 2.781 3.180 G B0SSE=01 0.4110E=01 0.7984
5766C 5,229 3.660 5995IE=01 0.4456E-01 0.8733
C. 715C0 57553 Z.312 0.1294 0.4512E=01 0.9547
0.8000 -4.775._ £.253 0. 1850 0.5566E-01 1.Ca7
6. 290 €734 0.3221 0.6657E=01 1.164




. -.1 31

6.196

05126

FILM RO. 1
Y = 0.140 ‘_é_=‘ 0.018¢ EUE s.obo“_ PEB=INFINITE
A cL c2_ c3 . €3 - T OR X .
0.0 1.0C0 1.178 24 TEE=0T 0.2476E=01 0.0
T6.50006-01 1.051 1.237 2673601 0. 2560E=0T 05991F=01
0.100CE+00 1,108 T.301 . 0. 2789E-01 0.2632E-01 0.1204
TG I5CC - 1L.172- 1.373  0.29786-01 O 2TI6E=0T 0.1815
0.2000 _1;243 17453 0-3194E-01 C.2809E-01 C.2436
T0.25C0 1.324 {7544 0.3445E=01 0.2911E-01 0.3065
0.300C 1.416 1.647 5 3739E-01 0. 3024E-01 €.3705
0.350CC 1.521 1.764 0. 4088E-01 0.31506-01 0.4557
T0.4CC0 1.€45 1.500 G-45T0E=01 0.3293E-01 0.5024
~0.45CC 1.790 3.€59 5 T5030E=0T 0. 3456E-01 0.5709
0.50C0 1.964 2.247 G- 5686E=01 0.3645E-01 046417
0.550C 2.175 22474 0.95415—01 G 3667E=01 0.7154
0.600C 2.438 7.753 5. 7700E-01 C.41356-01 0.7929
0.6500 2.774 3.103 5-G361E=01 0.4469E-01 0.8759
C.70CC 5319 3.558 0.1193 5-%903E=01 C.9669
0.7500 3.835 2.172 0.1643 0.55C5E-01 1.071
~0.8C00 4. 742 5.C48 0.2612 0-6446E-01 1.201
€406 0.8311E-01 1.399
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FIILM NO. 3

Y = 0.060 5= 0.0440 16 = 2.000  PEB=INFINITE
A c1 ’ c2 __¢€3 €3 Tt OR X
C.0 T 1.006 12537~  0.7073E=01 0.7073E-UL 0.0
0.5000E=01 1.049 15609 0.7435E-01 0.7261E-01 0.5494E-01
CTIOUUET00 TI05 T, €86 0. T838E-0L 0. 7446E-01 0.1101
C-1500 1163 1.775 - 0.8289E-GL 0.7653E-01 01656
C.2000 12230 1.873 O ETITE=0L 0.7874E-01 0.2215
. 250C 1.30¢ 1,583 0.9374E=GI 0.BII5E-0U1 PYAAR
0.3000 1.553 2,107 0.1004  0.8379E-01 0.3343
G+ 3500 1,492 22248 0-1080 0. B669E-01 0.3914
0. 4000 1. 6C7 75T0— 01170 0-8990E-01 0-4490
04500 1.742 2.599 0.1276 C.9348E=01 0.5074
€. 5000 1.902 2. €21 0. 1405 0.9753E-01 0.5665
T- 5500 32057 3,087 0.1565 0.1021 _ 0.6266
G+6000 2.336 3.412 0.1766  0.1075 0. 6879
C. 6500 3,646 3.E17 U.2030 0.1138  0.7508
C.7000 ~3.050 %.338 0.2391 0.1213 0.8158
0. 7500 3. ECE 5.C34 6.2917 0.13G8 0.8838
C-8060 YN 6.015 0.3751 0.1432 0.9563

Ue8500 Se154 1515 05290 0.;609 1.036
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FILM NO. 3

Y= 0.100 6= 0.0440 X0 = 2,060  PEBSINFINITE

A c1 c2 3 C3 + OR X
6.0 1.0CC 1496 0.7302E=01 0.73026-01 0.0
G.5000E-01 1.049 1.56% 0.7688E-C1 0. 75026-01 0.56516-01
C-100CE+0C  1.103 1.€39 C-BIT9E=01 U.7700E=CI 0.1175 :
TS0 T.i6:  T.7Z1  0.8603E=01 0.79206=0T 0.1770 -
62000 12230 1513 G SISTE=01 0. 6156E-CI 0.2371 :
G- 2500 1.305 1.516 0.97T6E=0L 0.B418E-01 0+2978 '
G.3000 1,391 7.031 09,1050  0.8703E-01 0.3593 :
. 3500 1.490 7162 0.1134 0.9017E=01 0.4217 '
C.4000 o605 53127 0.1233 0.9368E-0T 0.4651
0.4500 1.738 3,485 0.1352 0. 9761E-01 0.5498
3.5600 1,658 2.688 G.1497 G.1021 0.6160
G.5500 7,091 7.530 0.1679 0.1072 0. 6850
0. 6000 52330 3,272 0.1913  0.1132 0.7543 :
G+ 6500 3,634 3.583 0.2207  0.1203 0.8278 :
07000 3.032 % <042 0. 2668 0. 1291 0. 9054 |
€. 7500 3,579 4,646 G.3337 0. 1404 0.9892
5-8000 4.378 —5.485 0.4468 01556 1,083

57655 5738 0. 6770 61786 I-195

C«.8500
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FILM NO. 3

Y = 0.140 8 = 0.0440 106 = 2,000 PEB;!NFINITE —
A - cl cz____ ¢3 €3t OR X i
0.0 ‘ 1.000 1.459 0. 7550E—G1 0.7550E~01 0.0
0.50006~01 1,049 1.524 0.7963E-01 0.7765E-01 0+6233E-01
C.1000E+00 1.102 1.594 0.B8425E=01 0.79776=01 0.1254 -
G.150G0 (.16 T1.672 0. 89476=C1 0.82136=0T 0.1892 R
€. 2000 1.229 1.759 0.9540E=01 0.8469E-01 0.2539 '
0. 2500 1.304 1.855 0.1022 ~0.8750E-01 0.3196
0. 3000 1.350 1.5¢63 G.1101  0.9060E-U1 5738564 «
0.3500 1.488 2.C85 0.1194 0.9403E-01 0.4547 <
0<4000 1.601 7775 0-130% 0-97B6E-Gl U.5245 :
c.asoo. 1.735 2.386 0.1438 521022 0.5963
0. 5000 1.893 2.5713 0.1603 0.1072 0. 6704
C.550C 2. 084 2. 154 0.1813 5. 1129 0.7415 -
€. 6000 2.320 3.060. 0.2088 0.1197 0.8285 '
G+6500 2,620 3387 0. 2466 51279 0.9145
€ 700 —3.011 3,799 0.3015  0.1382 1.008
0.7500 3.545 §.336 0.3683 0.1517 “1.112
<8900 4. 31¢€ 5.074 0. 5446 0.1709 1.235

5.525 7170 0.8907 0.2015 1.395

C.8500
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FILM NO. 6
Y = €.060 @ =  0.082C_ X8 = 2.000 PEQ=1NF1&1fé :

A cL c2 c3 €3 1 CR X
0.0 1.000 1.51¢C 0.1239 0.1239 0.0 .
0.5C00E-01 1.046 1.576 0.1299 C.1269 C.5464E-01
0.1CCCE+00  1.097 YT 0.1364 6-T3000.1095" -
CT500  1.I53 L7300 T 0.T438  0.13% " 0:1646

T 0.,2000 1276 1.82C 0.1520  C.1370  (.2200
C.2¢5CC 1.28€ 1.521 5.T615 0. 1%09 0.2758 -
0.30C0 | 1.366 2.034 0.1719  0.1452 0.3319

0.35¢¢C 1.458 Z.163  0.1841 0.1498 C.3884 .
c.4cccA' 1.5€3 2.311 0.1¢<83 0.1550 0.4454 f
0.45CC 1.687 2.482 0.2151 C.1607 C.5C29
0.5C0C 1.833 2.683 0.2252 0.1671 0.5611
C.55CC 2,009 2.922 0.2598 0.174% 0.6202
0.6060 2.226 3.213 C.2506 - 0.1628 €. 6802 -
0.€5¢C 2.5¢C 3.575 0.3304  0.1925 0.7416 -
5.7000  2.857 4.C38 0.3838 0.2042 0.8046 5
REC 3,345 4,654 . 0.4597 0.2185  C.8699
c.8cce 4.052 5.518  0.5759 0.2369 €.9387
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FILM NO. 6
Y = C.100 5 = C.0820 s = 2.000 PEB=INFINITE

A ) cl c2z___ c3 €3 < CR Q

TTTTTO.C 1.000 1,472 5.1274 0.1274 0.0 —
0.5C00E-01 1.046 1.53¢ 0.1337 C.1306 C.5796E-01
G.1CCCE+CC  1.096 1. 6C5 T.1407  0.1339 0.1163 ]
8. 15¢CC —{T157  1.681 01484 STITE——CITST i
0.2CC0 1.7215 T (S L) PR S Y & C.234%
0.25¢CC 1. 285 T.€6C 0.1671 0 1455 0.2943 -
0.300C  1.364 1.966 -~ 0.1785 0.1500 C.3549 ]
0.3500 {55 2. €86 0.1517 0.1550 0.4161 i
C.4CCC 1.560 2.223 C.2071 0.1605 0.4783 3
0.45C0 1.682 —77381 0. 2254 C. 1667 C.5414
0.5C0C 1.92¢6 T 2.566 0. 2475 0.1736 0.5058
C.55¢CC 2.000 2.784 0.2747 0. 1615 06717
0.6000 5,214 3.C4E 0.3C93 C. 1507 0.7395
¢, EECC 2.483 3.372 0.3544  0.2014 0.8097
~0.70CGC 7.833 3,783 0.4163 ~ 0.2144 0.8831
0.75CC 3.308 4,323 G.5062 0.2307 0.9610
C.BCCC 3.992 5.068 0.6492  0.2520 1.046




=137

FILM.NO. 6
y = 0.140 6 = c;oezo' X6 =  2.000  PER=INFINITE,
A cl c2 c3 €3 T OR X
0.0 1.000 1.438 0.1312 0.1312 C.0
0.5C0CE-01 1.046 1.498 N.1378 0.1346 0.6148E-01
0.1CCCE+00  1.056 T. 564 0.1452 C. 1380 0.1236
0.15C0 1.151 1.637 . 0.1535  0.1418 0.1863
C.2CCC 1.214 1.717 0.1628 0.1459 0.2499
0.250C 1.263 1.80€ 51735 €. 1503 C.3141
0.3CCC 1.362 1.505 T0.1857 0-1552 0.379%
T0.3500 1.452 2.018 0.1999 0.1605 0.4459
0.4cCC 1.556 2.146 NPVATY 0. 1665 0.5137
0.45CC 1.6717 2.292 C.2367 571731 0.5830
G500¢ 1.819 2.463 0.2611 €.16C6 0.6542
LEECC 1.561 2. 665 0.2914 0.1693 0.7277
0.6CCC 2.201 2.906 0.3303 0.1593 C.8042
0.€5C0 e 3,201 0.3819 0.2113 C.8845
0. 7CCC 2.806 3.572 0.4538 0.2259 C.9700
5.75¢¢ 3.267 4.054 0.5607 0.2444 1,063
0.80C0 3.923 4,714 0. 7362 0.2691 1.168
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APPENDIX 3
SEPARATION OF SOME ORGANIC COMPOUNDS BY

REVERSE 0SMOSIS-EXPERIMENTAL DATA
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TABLE 9

Separation of Some Organic Compdundsa

Film No. 1
C Feed —

System Concn. Solute Sepn. Prod. Rate

% % gpd/saq. £t
Glucose~-Water ho.5 . - b 15.7.
- : - " 97.5 99.5 ~15.5
+ 520° , 99.6 . 15.6
) ' _ - 972 99.6 15.3
Sucrose-Water - 46.3 >99.9 16.1
101 >99.9 15.7
500 >99.9 16.0
1190 . >99.9 15.5
2110 99.9 15.2
Soluble Starch-Water 13 97.7 15.9
51.5 . 99.2 15.8
. 110.5 - °  99.6 15.9
Beef Extract-Water 13.2¢ -b 16.0
55 93.5 15.9
109 9k.3 15.6
255 96.8 15.3
Glutanmic Acid-Water® 10 . _ -b 16.1
: 5.7 99.1 16.0
116 , 99.5 15.7
564 99.9 15.L
Sodium Stearate-Water 61.8 >97.6 15.2
' 125 >98.8 - 15.7
. 248 99.4 16.1
508 99.5 15.9
961 . 99.8 16.0
ABS-Water ' b.1 98.2 - 16.1
5T7.8 99.1 15.5
105 99.6 15.2

" LAB-Wat | . 2.6 97.9 16.1
b awer ‘ 55,2 - ' 98.3 T 16.2

97.5 99.1 15.9
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TABLE 9 Continued
Film No. 2
' Feed

Systen ' Concen. Solute Sepn. Prod. Rate

mg/l 5 gpd/saq. ft
“'Gluc§se-Wgtér C 3fh9.s © b 3.8
. ) . 9705 9900 2307
520 99.0 23.6
. 972 " 99.1 23.3
Sucrose-Water ' 46.3 . 99.9 24,3
: 101 1 99.8 23.8
500 99. 24,2
1190 99.8 23.5
| 2110 . 99. 23.0
Soluble Starch-Water . ° 13 96.9 . 2h.0
‘ : 51.5 99.0 2h.0
‘ 110.5 99.1 2h.1
Beef Extract-Water 13.2¢ -b 2,1
55 ’ 93.0 . 24,1
109 - 93.4 23.6
, 255 95.9 22.9
Glutamic Acid-Waterd 10 S 2k . b
' : 54,7 98.9 _ 2.2
116 : 990’4""' - 23-9
. , 564 99.9 23.3
- Sodium Stearate-Water 61.8 >97.6 22.9
. 125 >98.8 24.0
248 99.0 24,5
508 99.% 23.8
961 99. 24.0
.ABS-Water bl 98.2 . 2h.6

Ut e . 57.8 99.1 : 23.7 -

105 99.6 ’ 23.0
LAS-Water ’ 2.6 - 97.9 24,8
55'2 98-3 . 25:1
97.5 99.1 » 2k . b
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TABLE 9 Continued

Film No. 3
' ‘ Feed
System Conen. Solute Sepn. Prod. Rate ‘
ng/l . % gpd/sq. ft |
Glucose-Water © 49,5 - " .b 31.2
' 97.5 97.6 30.9
520 - 98.7 . 30.8
- 972 98.9 - 30.k
Sucrose~Water : 46.3 : 99.7 31.7
: 101 99.7 31.1
500 99.7 31.6
1190 99.7 30.7
_ 2110 99.5 30.0
Soluble Starch-Water - 13 95.0 A 31.3
- 51.5 98.6 31.2
. 110.5 99.2 31.4
Beef Extract-Water 13.2¢ -b 31.5
55 91.5 . 30.6 : 1
109 92.5 30.5 |
255 95.3 29.7 i
Glutamic Acid-Waterd 10 L 31.7
sh.T 98.7 31.5
116 99.3 31.1 : |
o 56 . 99.9 . 30.4 B
"Sodium Stearate-Water 61.8 >97.6 29.9 /
‘ A 125 >98.8 31.1 '
248 98.8 31.7
508 98. 31.2
. 961 99.0 31.b
ABS-Water | B 98.2 32.0
' S 57.8 99.1 ~ 30.8 -
© 105 99.6 30.1
LAS-Water 2.6 . 97.9 32.5
55.2 98.3 . 32.6
97.5 99.1 31.6
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TABLE 9 Continued
Film No. b4
: . Feed

System .Conen. Solute Sepn. Prod. Rate

mg/l - £ gpd/sq. ft
' Glﬁcose-Water - i . .h§.5 ";b | 35;5
97.5 97.2 35.3
520 98.2 34,7
972 98.2 3h.T
Sucrose-Water . 46.3 99.6 36.1
101 99.6 35.5
500 99.6 36.0
1190 99.6 35.1
2110 . 99.k 33.9
Soluble Starch-Water 13 92.3 : 35.2
51.5 97.7 35.1
| 110.5 98.8 35.1
Beef Extract-Water ' 13.2¢ -b 35.6
55 90.2 " 34.8
109 92.0 3h.h
255 9k.5 33.4
.Glutanmic Acid-Waterd 10 . b 35.9
5.7 98. 4 35.7
116 99.1 35.3
, . 564 99.8 : 34.3
" Sodium Stearate-Water 61.8 >97.6 31.0
| ' ‘ 125. . 98.7  33.5
248 97.5 33.0
508 98.5 32.3
. 961 98.6 32.6
ABS-Wat o LT 96.8°  36.3
ABS-Water ‘ 57.8 97.8 34.9
105 98.2 . - 3k.1
. W ' 2.6 " 96.3 36.8
LAS~-Water | 552 96.2 . 36¢9
97.5 . 96.7 35.8
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TABLE 9 Continued
Film No. 5 ’
_ : Feed
System ‘ : Concn. Solute Sepn. Prod. Rate
mg/l % gpd/sq. £t
'VGlucdSe;Watér S ‘49,5 Co © b -'38;5'
: ' 9T.5 96.h 38.4
520 97.h 37.9
972 - 97.5 37.8
Sucrose~Water 46.3 99.5 39,1
101 ' 99.h4 38.L
500 K 99. 39.0.
1190 99.5 38.0
2110 99.3 36.9
Soluble Starch-Water 13 - 90.0 '38.2
o 51.5 96.7 o 37.9
, 110.5 - 98.6 37.9
Beef Extract-Water 13.2¢ -b 38.6
55 : 89.9 37.T
109 -b 37.2
- 255 9k.o0 36.1
Glutamic Acid-Waterd .10 : -b 39.0
C - s4.T 98.5 ' 38.8
o 564 99.7 37.4
' Sodium Stearate-Water 61.8 >97.6 ' 35.8
' 125 98.0 37.5
248 _ 97.3 37.L4
508 98.4 37.
. 961 9T7.5 37.2
ABS=Water : b1 96.8 39.7
105 98.2 . 37.1
LAS-Water 2.6 96.3 40.6
E 55.2 96.2 40.5

97.5 96.7 "~ 39.1
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TABLEY9'Continued
Film No. 6 )
Feed
System Concn. Solute Sepn. Prod. Rate
ng/1 ‘ % gpd/sq. ft
Glucose-Water . . k9.5 . b b1k
' : 9T7.5 95.9 © 41,3
4 ' . | 520 96.9 40.4
f : - 972 97.2 40.5 .
Sucrose-Water 46.3 99.4 41.9
- 101 99.3 “h1.2
500 99.3 41.8
1190 . 99.3 : 40.8
. . 2110 99.5 39.5
Soluble Starch-Water 13 , 88.5 ’ 4o.8
' ' 51.5 . 95.9 ' 4o.6
o ' '110.5 - 98.5 40.6
Beef Extract-Water 13.2¢ -b hi.2 -
55 C 88.5 40.3
109 -90.5 39.7 |
255 93.1 38.6 |
Glutamic Acia-Water® 10 b 41.6 |
| 54,7 - 98.h L1.h ‘
116 99.0 ‘ k1.0
564 o 99.7 39.9
| Sodium Stearate-Water 61.8 - >97.6 . 35,6
. ' 125 98.0 38.8
o 2 ' 508 98.1 . 38.3
. . 961 97.9 38.0
ABS-Water ' h.1 96.8 42,3
. . 57.8 97.8 40.6
‘ ' 105 '98. - 39.6
LAS-Water 2.6 - 96.3 ko, .
: o 55.2 ' 96.2 R RN
97.5 96.7 h1.2
&piim type: CA-NRC-316 (Batch 316) ' 3 .
Operating pressure: 300 psig; Feed flow rate: 400 cm”/min
bNot determined. '
€As organic nitrogen.
dpeed pH adjusted at 6.0 £+ 0.1
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TABLE 10

Structural Formulae of Soﬁe-Organic Compounds Studied

Compound U | Formu;a
Glucose ‘ 0631206
A Sucrgse- ‘ _ c12322011
" oluble stareh  (CgHy0g)  x = 100 to 1000
Glutamic acid. ‘ éHNHz(CHQ)'a(COOH)2
Sodium stearate ClBHSSQOONa
o T i

Alkyl benzene sulfonate CH

(ABS) 3—CH-CH2—CH-CH2-CH—CH2-CH-CH3

SO0_Nsa

" Linear alkylate sulfonate (LAS)

'CH2—CH2-CH2—CH2fCH2—CH2-CH2-CH2—CH2-CH2-CH-CH3

so,Na

3

Chain lengths in typical LAS: Cq,-Cq)
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