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Synopsis

Reverse osmosis transport for alcohol-water systems in the Taft number (¢*) region
of 0 to —0.3 is explored in detail. The numerical value of the polar functional constant
for alcohols is 15.5 for the above ¢* region in the operating pressure range of 50 to 500
psig for the cellulose acetate membrane material used. An analysis of the combined
effect of operating pressure and mass transfer coefficient on the high-pressure side of the
membrane shows that, under certain conditions, solute separation could pass through a
maximum with increase in operating pressure. A general expression for solute separa-
tion is derived as a function of pore structure on membrane surface, polarity of solute,
and operating conditions of the experiment. Alcohols behave independently in mixed
solute systems. A method is described and illustrated for predicting alcohol separation
in alcohol-sucrose—water feed solutions from data on single solute systems.

INTRODUCTION

The physicochemical criteria for the reverse osmosis separation of
aleohols in aqueous solutions using the Loeb-Sourirajan-type porous cellu-
lose acetate membranes have been discussed.!=® It has been shown® that
solute separation data can be correlated with Taft number (¢*) for the
substituent group in the alcohol molecule and, in small ranges of o*, the
solute transport parameter (D 4,,/K8) for the alcohol® and the corresponding
Taft number are related by the expression

(Darn/K3) = C* exp (p*c*) (1)

where p* is a polar functional constant for alcohol and C* is a proportion-
ality constant depending on the porous structure of the membrane. The
value of p* is different for different ranges of ¢*, but it is independent of the
porous structure of the membrane. Consequently, the numerical value of
p* is an important operational parameter in reverse osmosis transport.
Combined with the general Kimura-Sourirajan analysis,® the use of eq. (1)
to estimate D,,/K6 and predict the separation of different alcohols for a
given membrane from a single set of experimental data for a reference solu-
tion system has been illustrated.® All the previous work has been with
single solute systems.
567
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An extension of the above work? is reported in this paper. In this work,
the o* region of 0 to —0.3 is explored in detail. The numerical value of p*
for alcohols is more firmly established for the operating pressure range of 50
to 500 psig. The procedure for predicting membrane performance is
improved. Reverse osmosis data were obtained for a number of mixed
solute systems involving two to five aleohols. The effect of mixed solutes
on membrane performance is ascertained. The reverse osmosis separation
of an aleohol present in low concentrations in aqueous sucrose feed solutions
was also investigated; a method is presented for predicting aleohol separa-
tion from such mixed solute systems. This latter investigation is of po-
tential practical interest in predicting membrane performance during con-
centration of fruit juices by reverse osmosis.

EXPERIMENTAL

Reverse Osmosis Experiments

Eight monohydric aleohols listed in Table I (along with some of their
physicochemical data pertinent to this work) were used in this work in
single and mixed solute systems. The apparatus and experimental pro-
cedure used were the same as those reported earlier.s Batch 316-type
cellulose acetate membranes? were used in the operating pressure range of
50 to 500 psig. The specifications® of the membranes used are given in
Table IT in terms of pure water permeability constant A (g mole H,O/cm?
sec atm) and solute transport parameter D,,/K$§ for sodium chloride
(em/sec) at 250 psig. Table IT also includes solute separation and product
rate data for the membranes in the operating pressure range of 50 to 500
psig using 1500 ppm NaCl-H,O feed solutions at the feed flow conditions
used in this work; the latter corresponded to a mass transfer coefficient k of
22 X 10~* em/sec on the high-pressure side of the membrane for the above
NaCI-H,0 feed solution.

The alcohol concentrations in the feed solutions used were in the range of
0.001 to 0.01 g-mole/l.; in most cases, the alcohol concentration in the feed

TABLE I
Data for the Alcohol-Solutes Studied
Solute Dup X kX
Solute Formula Molecular 105, 104,
no. Name Rin ROH weight a* cm?/sec  cm/sec

1 t-Butyl alcohol t-C.H, 74.1 —0.300 1.043 16.3
3 s-Butyl alcohol s-CiH, 74.1 —0.210 1.043 16.3
4 Isopropyl alcohol i-C;H; 60.1 —0.190 1.206 18.0
6 n-Butyl alcohol n-C,H, 74.1 —0.130 1.043 16.3
7 Isobutyl alcohol i-C,H, 74.1 —0.200 1.043 16.3
8 n-Propy! alcohol n-CsH; 60.1 —0.115 1.206 18.0
9 Ethyl alcohol C.H; 46.1 —0.100 1.460 20.4
10 Methyl alcohol CH; 32.0 0 1.935 24.7
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TABLE 11
Specification of Membranes and Some Performance Data
Films
1 2 3 4 5

250 psig
Pure water permeability constant A,
g-mole H;O
-— ) X 10¢ 1.614 2.614 3.778 2.088 3.620
cm?-sec-atm
Solute transport parameter

(Dam/Kd)nacy, (cm/sec) X 10° 2.101  5.518 16.39 3.82 19.82
Solute separation, % 95.0 90.7 83.3 93.5 77.6
Product rate, g/hr* 21.4 34.2 49.8 27.4 47.6

50 psig
Solute separation, %, 80.4 71.2 57.1 78.4 50.7
Product rate, g/hr 3.8 6.5 10.0 5.0 9.8
375 psig
Solute separation, %, 95.6 92.9 86.4 94.6 80.4
Product rate, g/hr® 33.4 51.5 72.5 42 .4 69.2
500 psig
Solute separation, %, 96.9 94.1 89.0 95.7 83.5
Product rate, g/hr® 44.6 68.3 95.2 57.0 90.4

s Area of film surface = 13.2 cm?.

solution was ~100 ppm. In the mixed solute systems also, the concentra-
tion of each alcohol was kept in the above range. In the ¢-butyl alcohol-
sucrose-water system, the aleohol molality was fixed as 0.002, and the
sucrose molality was changed from 0.115 to 0.585. The osmotic pressure
of the feed solution with respect to alcohol was practically negligible in all
cases.

All experiments were of the short-run type, and they were carried out at
the laboratory temperature (23-25°C). The reported product rates are
those corrected to 25°C using the relative viscosity and density data for
pure water. In all experiments, the terms “product” and “product rate”
refer to membrane-permeated solutions. For the single and mixed alcohol-
water systems, the per cent solute separation f with respect to each alcohol
was obtained from the relation

@

For the t-butyl alcohol-sucrose—water systems, the value of f for each
solute was obtained from the relation

= <solute ppm in feed — sol}lte ppm in product> % 100,
solute ppm in feed

_ <solute molality in feed — s‘olut'e molality in product> X 100, (3)
solute molality in feed

In each experiment, the pure water permeation rate (PW P) and the product
rate (PR), in grams per hour per given area of film surface (13.2 em? in all
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cases in this work), and the solute separation were determined at the
specific operating conditions. The solute numbers given in all figures in
this paper are the same as those given in Table I.

Analysis

Single and Mixed Alcohol-Water Solutions. A Perkin Elmer Model 154
gas chromatograph was used to determine alcohol concentrations. The
chromatographic column used was a 15-ft-long, 3/46 in. in diameter stainless
steel tubing packed with 109, diglycerol on 60-80 mesh Neutraport.
Helium flow rate through the column was 36 ml/min, and the entire
effluent from the column passed into a hydrogen flame ionization detector.
The column was operated at 75°C. A sample size of 2 microliters was used
for each analysis. For the analysis of {-butyl alcohol, isopropyl alcohol, n-
propyl alcohol, ethyl aleohol, and methyl alcohol in reverse osmosis experi-
ments at 375 psig, 75 ppm methyl ethyl ketone was used as the internal
standard; external standards were used in all other analyses.

For the analysis of methanol, the carrier gas was passed through a con-
ditioning column (9 ft X 0.25 in. diameter of 459, water on 30-60 mesh
firebrick at 0°C) before the sample injector and analyzing column. This
arrangement gave sharper and reproducible methanol peaks which were
otherwise unsatisfactory.

t-Butyl Alcohol-Sucrose-Water Solutions. A Tracor Model 160 gas
chromatograph was used for the analysis of ¢-butyl alcohol. The chro-
matographic column used was a 6-ft-long, 0.25 in. in diameter stainless
steel tubing packed with 20-30 mesh ascarite for the initial 4.5 in., and with
5% OVI on 80-100 mesh Chromosorb W(HP) for the remaining length.
Since the nonvolatile solute remained in the column without being eluted
by the carrier gas, the column had to be changed frequently. Helium flow
through the column was 60 ml/min, and the entire effluent from the column
passed into a hydrogen flame ionization detector. The column was oper-
ated at 80°C.

A Beckman total carbon analyzer Model 915 was used to determine total
carbon content in the sample. The analytical procedure was the same as
that used before.?® A sample size of 20 microliters was used for each
analysis. The carbon content corresponding to sucrose in the sample was
obtained by the difference between total carbon content and the carbon
equivalent of t-butyl alcohol determined by gas-chromatographic analysis.

Accuracy. The accuracy of gas-chromatographic analysis was +29,
in all cases. The accuracy of carbon analyzer was +1 ppm in terms of
carbon content.

RESULTS AND DISCUSSION

Single Solute Systems

Taft Number Versus Membrane Performance. Figure 1 gives the corre-
lation of Taft number corresponding to each alcohol versus solute separa-
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Fig. 1. Effect of Taft number of alcohols on solute separation and product rate:
film type, cellulose acetate (Batch 316); operating pressure, 250 psig; feed concentration,
0.0159 g-mole/l. for methanol, 0.0012 ~ 0.0025 g-mole/l. for other alcohols; feed flow
rate, 400 cc/min; membrane area, 13.2 cm?; solute numbers and calculated & values,
same as in Table I.

tion and product rate for films 1 and 2. The feed concentration, operating
pressure, and the feed flow rate used were the same in all cases. For each
film, the product rate remained essentially constant for all the systems
studied. These data show that the porous structure of the membrane
surface was not affected by the alcohols used. The data on solute separa-
tion confirm the observation made earlier that, for each film, there exists a
unique correlation between Taft number (¢*) and solute separation. The
data for the separation of isobutyl aleohol (solute 7), however, do not fit the
general o*-versus-solute separation correlation applicable for all the other
alcohols studied. The value of ¢* given by Taft for i-C;Hs is —0.125; the
reverse osmosis separation of isobutyl aleohol is much higher than that pre-
dicted by the above correlation. Similar results have been reported
earlier.>® Since it has now been established® that the o*-versus-solute
separation correlation for alcohols is precise and quantitative, the above
correlation can also serve as a basis for assigning appropriate ¢* values for
new or exceptional solutes. The o* values so assigned may be expected to
be valid for predicting solute transport in reverse osmosis. The success of
this technique has already been illustrated with respect to the reverse
osmosis separation of cyclohexanol and cyclohexanediols.?

In order to assign an appropriate value of o* for i-C,H; for use in reverse
osmosis, the ¢*-versus-solute separation correlation for alcohols correspond-
ing to the limiting condition of ¥ = « (where k is the mass transfer coeffi-
cient on the high-pressure side of the membrane) must be established first
so that the above correlation is independent of the effect of concentration



572 MATSUURA, BEDNAS, AND SOURIRAJAN

polarization on solute separation. The value of fraction solute separation
at k = o (designated as f.) may be calculated from the experimental
solute separation (f) and product rate (PR) data as follows.

First, calculate k for the experimental conditions used from the relation

D, 77
k = kre [ 4 ] 4
g (DAB)ref ( )

where ks = mass transfer coefficient on the high-pressure side of the mem-
brane for the reference solution system sodium chloride-water, and
(Das)ret and D5 refer to diffusivity of sodium chloride and alcohol, re-
spectively, in water. The value of D4p may be calculated as before from
the empirical equation of Wilke and Chang.>® The above values of k are
included in Table 1.

Next, using the above value of k and experimental f and PE data, calcu-
late the solute transport parameter (D 4,/ K38) for the alcohol from the rela-
tion

(Res) . B0 =pf 1 .
Ko) 36008Sd f { (PR) } )
*P13600 S k d

where S = effective membrane area (¢cm?) and d = solution density (g/cm?®).
Finally, using the above value of D 4/K$, calculate f. from the relation

~ (D are/K5) 3600 S d-
Jo = [1 + (PR) ]

Equation (5) has been derived.®* Equation (6) follows from eq. (5) when
k = . Equation (4) needs an explanation.

In the previous paper,® k was calculated from eq. (4) with unity as the
exponent on the right-hand side of the equation. This was based on the
assumption that with respect to a given apparatus, for the same conditions
of feed concentration and feed flow rate, the thickness of the concentrated
boundary layer on the high-pressure side of the membrane is constant for
different solutions. In view of the excellent agreement illustrated in the
paper® between the experimental and calculated solute separation data
based on the values of & so obtained, the above assumption seemed accept-~
able at least for the experimental conditions tested. However, the gener-
alized correlation for mass transfer coefficients discussed extensively in the
literature® offers a firm experimental basis for the calculation of k. Ac-
cording to the above correlation, at a given Reynold’s number (Ng.), the
quantity Ngn/(N's.) /*is a constant, where Ns, and N's, represent Sherwood
number and Schmidt number, respectively. Defining

_9
hy
kd

" Das

(6)

NRe (7)

Nsn @®
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Figure 2. Solute separation of alcohols at ¥ = «. Other experimental conditions same
as for Fig. 1.

and

14
N Sc DAB (9)
where Q@ = feed flow rate, h = depth of cell, d = diameter of membrane
surface, and v = kinematic viscosity of solution, it may be seen that with a
given apparatus (i.e., constant h and d) and feed solutions of constant
viscosity (v is essentially the same as that of water in the present work), at
a given feed flow rate, the quantity k/(D,5)"”* is constant for all solutes,
which is the basis of eq. (4).

The correlations of ¢* versus f. obtained from eq. (6) for films 1 and 2
are given in Figure 2, which shows that the value of ¢* corresponding to the
separation data for isobutyl alcohol is —0.20, and the latter value is inde-
pendent of the porous structure of the membrane considered. On the basis
of Figure 2, a value of —0.20 was assigned as the ¢* for i-C,H, for purposes
of correlation of reverse osmosis data, and the above value is used in the
rest of this paper.

Polar Functional Constant p* for Alcohols. Numerical values of p* are
needed for use in eq. (1) to determine the applicable value of the propor-
tionality constant C* for a given membrane (which value depends on the
porous structure of the membrane) and the values of D,,,/K3 for different
alcohols from the data for a reference alcohol-water system. In the
previous work,® the value of p* was obtained by plotting o* versus experi-
mental D, /K8 data for different alcohols in a semilog plot and determining
the slope of the best straight line drawn arbitrarily to represent the experi-
mental points. The arbitrariness in drawing the best straight line in the
above plot can be avoided by using the least-squares technique to treat the
experimental data to obtain p* and C*. This method was followed in this
work to obtain the values of p* and C* for films 1, 2, and 3 in the ¢* range
of 0 to —0.3 at the operating pressures of 250, 375, and 500 psig. The
results obtained are given in Table III.
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TABLE III
Values of p* and C* for Films 1, 2, and 3
Av. po* for
three
Films 1 2 3 membranes
Operating pressure, psig p* values
250 15.9 13.0 15.2 14.7
375 16.6 16.8 15.5 16.3
500 16.1 13.8 16.5 15.5
Av. p* for three pressures 16.2 14.5 15.7 15.5
Operating pressure, psig In C* values
250 —4.55 —4.04 -3.00
375 —4.24 —3.12 —-3.04
500 —4 58 —3.93 —2.93
Av. In C* for three pressures —4.46 —3.70 —2.99
Fi .
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Fig. 3. Effect of Taft number on solute transport parameter for alecohols: film type,
cellulose acetate (Batch 316); operating pressures, 250, 375, and 500 psig; solute num-

bers, same as in Table I.

On the basis that the value of p* is independent of the porous structure on
the membrane surface, the average values of p* for films 1, 2, and 3 were
found to be 14.7, 16.3, and 15.5 at 250, 375, and 500 psig, respectively.
The variation among the above values of p* is no more than that obtained
for the three films at the same pressure. Consequently, it seemed reason-
able to conclude that in the operating pressure range 250 to 500 psig, the
values of p* did not change significantly, and hence a constant value of p* =
15.5 (average of all the p* values obtained) could be used for the type of
films used in the operating pressure range of 250 to 500 psig for all alcohols
in the o* range of 0 to —0.3.

There was no significant difference in the values of C* in the operating
pressure range of 250 to 500 psig for each film. This result indicates that
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Fig. 4. Effect of Taft number on solute separation for alcohols for films 1, 2, and 3:
( ) predicted (@) (O) (a) experimental; film type, cellulose acetate (Batch 316);
operating pressures, 50, 250, 375, and 500 psig; feed flow rate, 400 cc/min; solute num-
bers, same as in Table 1.

there was no change in the porous structure of the membrane surface in the
operating pressure range studied. Consequently, an average value of C*
for each film was used in subsequent calculations.

Figure 3 shows the plots of In(D4,,/K$8) (obtained experimentally) versus
o* for films 1, 2, and 3 at the operating pressures of 250, 375, and 500 psig,
along with the straight-line correlations representing eq. (1) with p* =
15.5 for all films, and C* = —4.46, —3.70, and —2.99 for films 1, 2, and 3,
respectively (Table I1I) applicable for the operating pressure range of 250 to
500 psig. The plots show that the straight-line correlations represent the
experimental data reasonably well; this was verified by two independent
tests.

In the first test, taking p* = 15.5 and In C* = —4.46, —3.70, and —2.99
for films 1, 2, and 3, respectively,-for all pressures, and assuming that
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Fig. 5. Effect of Taft number on solute separation for alcohols for films 4 and 5:
( ) predicted ; (@) (O) experimental; film type, cellulose acetate (Batch 316); operat-
ing pressure, 250, 375, and 500 psig; feed flow rate, 400 cc/min; solute numbers, same
as in Table I.

product rate was essentially the same as pure water permeation rate at the
same operating pressure (obtained from data on membrane specifications
given in Table II), solute separations for all the eight alcohols were back
calculated for films 1, 2, and 3, using egs. (1) and (5), at the operating pres-
sures of 50, 250, 375, and 500 psig. In these calculations, the values of k
used were the same as those used in the experiments (Table I). The re-
sults of the back calculations, illustrated in Figure 4, showed good agree-
ment between experimental and caleulated values for solute separation at
operating pressures of 250, 375, and 500 psig. In the experimental system
used, the magnitude of the exact operating pressure is subject to possible
significant error at low pressures. In view of this possibility, the agreement
obtained between the experimental and calculated values for solute sep-
aration at 50 psig must also be considered as reasonable. Consequently,
the above results not only confirmed the validity of the transport equations
used in the calculations, but also showed that the values of p* and C* used
in the calculations were applicable for the pressure range of 50 to 500 psig.

In the second test, the performance of two new membrane samples,
films 4 and 5, was considered. For purposes of calculations, s-butyl
alcohol-water was arbitrarily chosen as the reference feed solution system.
From the experimental D, /K6 values for s-butyl alcohol, the values of In
C* for the above films were calculated to be —3.90 and —2.82, assuming p*
= 15.5 for both the films. Using the above p* and C* values, solute sep-
arations for the other seven alcohols were calculated as before, using egs.
1 and 5 for the operating pressures of 250, 375, and 500 psig. The results
were compared with the actual experimental data as shown in Figure 5.
The agreement between the experimental and calculated data was again
found to be excellent, confirming the validity of the transport equations and
the prediction procedure discussed above.
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Fig. 6. Effect of mass transfer coefficient £ on solute separation for alcohols for film 2

film type, cellulose acetate (Batch 316); operating pressure, 50, 250, 375, and 500 psig

Effect of Mass Transfer Coefficient k& on Solute Separation. Figure 6
shows that ¢*-versus-solute separation correlation for a typical film (film 2)
for &k values of 10 X104, 50X 1074, 100X 104, and « e¢m/sec at the operat-
ing pressures of 50, 250, 375, and 500 psig. These correlations were gen-
erated using eqs. (1) and (5) with p* = 15.5and In C* = —3.70, and assum-
ing PR =~ PWP at the given operating pressure. These correlations
illustrate that with decrease in k, solute separation decreases, and the latter
decrease is steep at values of & less than 50X 104 em/sec, especially at
higher operating pressures. Consequently, it seems desirable to maintain
a value of £ = 50X 10~* ¢m/sec or higher in practical operations where
higher solute separations are needed.

When solute separation data f are based on feed concentration, these data
constitute a true reflection of the preferential sorption of water at the mem-
brane-solution interface only when the boundary concentration is the same
as the feed concentration. Such is the case only when k = «, under which
condition f = f.. Therefore, the data on f. are of special interest. The
value of f. is given by eq. (6). When D,,/K3, S, and d are constants, and
PR is proportional to the effective pressure P, eq. (6) reduces to

Kl Peff

= - 1
KIPeff+]- (0)

fo
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Fig. 7. Correlation of 1/f at £k = o vs. 1/Pes for film 2: film type, cellulose acetate
(Batch 316); ¢* of solutes, —0.2 and —0.3.

where K, is a constant, so that the plot of 1/f., versus 1/P. is a straight
line. Such plots are illustrated in Figure 7 for film 2 for ¢* values of —0.2
and —0.3, taking Pe: = operating pressure P, which is essentially the
case at very low feed concentrations. It may be recalled that eq. (10) was
formerly presented® on an empirical basis. The foregoing derivation gives
eq. (10) a firm foundation in terms of reverse osmosis transport theory.
Further, eq. (10) has the same form as the familiar Langmuir adsorption
equation; as pointed out earlier,® this is not surprising on the basis that
reverse osmosis separation is governed by preferential sorption at the mem-
brane-solution interface.

The combined effect of operating pressure P and mass transfer coefficient
k on solute separation is particularly interesting, as illustrated by the follow-
ing analysis which is applicable to very dilute feed solutions only. Let v,
represent the permeation velocity (cm/sec) of product solution expressed
by

PR
- (11
Y = 36008 d 1D
Equation (5) can then be written as
1 —
Dan/K8) = v, - Tf [1/exp(vs/4)] (12)
or

f Vs
Vs 1 /v5\?
exp(vy/k) = 1+E+é—' A + ... (14)
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When v,/ is sufficiently small,
Vs
exp(vs/k) ~ 1 + % (15)

and eq. (13) becomes

1 =14 Dan/Ko)(A + vs/k) .
f v

or
v [1 + wiﬂ] + (Dam/Ko)

When D, /K8 and k are constants and v, is proportional to the effective
pressure P, eq. (17) becomes

K2 Peff

= K3Pes; + 1

(18)
where K, and K; are constants. Equation (18) corresponds to the general
form of the Langmuir adsorption equation. According to eq. (18), 1/f
versus 1/Pess is a straight line for constant values of D 4,/ K6 and k; further,
where eq. (18) is applicable, solute separation tends to increase with in-
crease in operating pressure.

Equation (17) is subject to the restriction that »,/k is small. When v,/k
= 0.15, the magnitude of the third term is less than 19, of the sum of the
first two terms on the right side of eq. (14). Assuming 19, deviation is
acceptable, eq. (18) can be expected to be valid when v,/k is equal to or less
than 0.15.

It is also interesting to consider eq. (13) subject only to the restriction
that the values of D, /K$ and k are constant. With this restriction, let
exp (v,/k)/vs be some function of v, represented by the expression

o/ k
Py = SR O/E), (19)
Differentiating eq. (19) with respect to v;,
F’(vg) = M <v_s — 1> (20)
V2 k

which becomes zero when v,/k = 1. Noting that exp (vs/k) tends to in-
crease with increase in v, eq. (14), eq. (20) predicts that the plot of 1/f
versus vs/k should exhibit a minimum, or the plot of f versus v;/k should
exhibit a maximum at v;/k = 1. Since v, should increase with increase in
operating pressure, and D, /Ké and k may be practically independent of
operating pressure at least with particular membrane—solution systems, eq.
(20) predicts the possibility that solute separation may pass through a
maximum with increase in operating pressure in some cases. No numerical
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Fig. 8. Correlation of relative solute transport parameters for sodium chloride and
alcohols: film type, cellulose acetate (Batch 316); operating pressure, 50 to 500 psig;
solute numbers, same as in Table I.

data are presented in this paper to illustrate the above possibility, the
existence of which, however, suggests the need for further theoretical and
experimental work on the subject. ,

Correlation of Relative Solute Transport Parameters for Sodium Chlo-
ride and Alcohols. TFigure 8 gives a plot of the relative values of the solute
transport parameter for NaCl, (D,/K8)nac1, versus those for aleohols,
(D 421/ K8)41c, obtained with the five membrane samples (films 1,2, 3, 4, and
5) and the eight alcohol-solutes studied. The data for (D4a/K8)nac1 used
were those obtained directly from experiments. The data for (Da/K8)a1e
used were those obtained from eq. (1) using the p* and C* values evaluated
by the least-squares treatment of all the experimental data applicable for
the operating pressure range of 50 to 500 psig. Figure 8 shows that log
(D 4/ Kbd)noct versus log (Dap/Kb)are is essentially a straight line whose
slope is the same for all the eight alcohols studied. This result is an inter-
esting and useful one since it links the values of (D 4/ K8)a1. with those of
(D 43/ K8)nact as follows.  Equations (1) can be written as

In (Dsz/Kb)ate = p*o* + In C* (21)
when

o* = 0,In C* = In (Da3/K8)ateos=0)- (22)
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On the basis of Figure 8, let

In (DAM/Ka)alc(v*=O) = qgln (DAM/KB)NaCl + Inb (23)

where a and b are link constants, i.e., constants linking the relative D, /K?é
values at 6* = 0. Equation (21) becomes

In (Dap/Kb)are = @ In (Dar/Kb8)nacr + p*e* + In b (24)

or
(Darn/Kd)are = (Dam/K8)*nac1 X b exp (p*o*). (25)

Thus, eq. (25) links the values of (D,/K8)a1. with those of (D4/K8)nact
through the link constants @ and b and the parameters p* and o*. The
values of a and b can then be evaluated by the least-squares treatment of
data on (D,/K8)nact, (Dan/K8)a1e, and the corresponding values of p*o*.
The values of a and b thus evaluated were found to be 0.689 and 23.0,
respectively. Consequently, eq. (25) becomes

(Dan/K8)are = (Dan/K8)Watr X 23.0 exp (p*a*). (26)

The above equation enables one to caleulate (D,/K8)al. in the o* range of
0 to —0.3 from the reverse osmosis data for the system NaCIl-H,0 only, for
the type of membranes used in this work.

It should be noted that the link constants a and b are explicitly defined in
terms of eq. (23) applicable for the condition ¢* = 0. The final evaluation
of a and b, however, involves the use of (D4/Kd)ai. data for all the cight
alcohols in the ¢* range of 0 to —0.3. This procedure gives greater reli-
ability for the numerical values of a and b.

Effect of Pore Structure on Membrane Surface on Alcohol Separation.
Equation (13) can be written as

_ 1 . 27
D Dun/Kiya, O -
Using eq. (26), eq. (27) becomes
;= : . @)
Lt D/ Ko - 230 T expy 00
Equation (28) can be written in the general form
f= L (29)

1 + ¢ exp (p*a*)
where

exp (v/k)

L

¢ = (Dan/Kd)Natn - 23.0 (30)
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Fig.) 9. Solute separation of alcohols at different values of ¢: film type, cellulose acetate
(Batch 316); operating pressure, 500 psig; mass transfer coefficient k = .

Equations (29) and (30) are extremely useful and instructive with refer-
ence to reverse osmosis separation of solutes in very dilute aqueous solu-
tions using porous cellulose acetate membranes.

Consider egs. (29) and (30) for a given operating pressure at a given value
of k. Under these conditions, the numerical values of (D 4/K8)nac1 and v,
give a measure of the size and number of pores on the membrane surface.
For a given membrane, the quantity ¢ is a constant. As the pore size
decreases, the magnitude of ¢ decreases. Thus, the numerical value of ¢
is a function of the porous structure of the membrane surface. Equation
(29) predicts solute separation for any alcohol obtainable with any mem-
brane whose surface pore structure is defined by eq. (30). Thus, eq. (29)
expresses the effect of pore structure on membrane surface on aleohol sep-
aration. One can assign different numerical values of ¢ and calculate f
using eq. (29). This is illustrated in Figure 9 for the casek = « and op-
erating pressure = 500 psig. Figure 9 shows that with a sufficiently small
average pore size on membrane surface, solute separation tends towards
1009, for all alcohols. For a given value of ¢ (i.e., given values of (D/-
K3), vs, and k), eq. (29) expresses the effect of solute polarity on reverse
osmosis separation.

Equation (29) also indicates that the value of p* would tend to infinity
as the value of o* tends to that of water. The experimental data on log
(D 4/Kb)a1, versus o* presented earlier® tend to support this conclusion,
which means that log (D 4/K8)a1. is a continuous function of ¢*, and the
assumption of constant p* is a practical approximation valid only for small
ranges of ¢*. The form of eq. (29) probably has general validity for re-
verse osmosis separation of water at membrane—solution interfaces. This
possibility opens a new area of investigations in reverse osmosis transport.

Mixed Solute Systems

Effect of Mixed Solutes on Solute Separation. The effect of mixed
solutes on membrane performance was ascertained by reverse osmosis ex-
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periments using several membrane samples of different surface porosities®
The following mixed solute systems were studied: (1) t-butyl alcohol + s-
butyl alcohol, (2) -butyl alcohol + isopropyl aleohol. (3) ¢t-butyl aleohol +
isobutyl alcohol, (4) t-butyl alcohol + n-propyl aleohol, (5) t-butyl alcohol
+ s-butyl aleohol + n-butyl alecohol + isobutyl alecohol + isopropyl
alcohol, (6) s-butyl alcohol + isopropyl alcohol, and (7) isobutyl alcohol
+ isopropyl alcohol.

The solute concentration used was 0.002 g mole/l. with respect to each
alcohol. FEach system was studied at three operating pressures, namely,
50, 250, and 500 psig. At each operating pressure, the product rates ob-
tained were essentially the same for all the mixed solute systems studied.
With respect to solute separation, the data obtained for the separations of
t-butyl aleohol, s-butyl aleohol, isopropyl aleohol, and isobutyl alcohol in
mixed solute systems were compared with the corresponding data obtained
in single solute systems. The results, given in Figure 10, showed that
within the limits of experimental error, the separations for each alcohol in
the single and mixed solute systems were essentially identical indicating
that the alcohol-solutes behave independently in reverse osmosis. This
means that alcohol separations obtainable for mixed solute systems are the
same as those obtained or predicted for single solute systems. This result
is of practical significance in fruit juice concentration by reverse osmosis.

Separation of Alcohol Present in Aqueous Sucrose Feed Solutions. The
separation of alcohol present in low concentrations in aqueous sclutions
of sucrose present in high concentrations is of practical interest from the
point of view of retention of flavor components during the reverse osmosis
concentration of fruit juices. With appropriate choice for the surface
porosities, membranes can be found to give essentially complete solute
separation with respect to sucrose under the operating conditions used.
Even with such membranes, solute separation for aleohol will be much less
with an aqueous sucrose feed solution than with plain aqueous feed solu-
tion without any sucrose.

Two factors are responsible for the above decrease in alcohol separation.
With an aqueous sucrose feed solution, the effective pressure for fluid flow
(water transport) through the membrane is reduced because of the high
osmotic pressure of sucrose solutions, and the mass transfer coefficient for
the alcohol (ka1.) on the high-pressure side of the membrane is also reduced
because of the high viscosity of sucrose solutions. Since these two factors
are amenable to theoretical analysis, it should be possible to predict aleohol
separation as a function of sucrose concentration in feed under given condi-
tions of operating pressure and feed flow rate with a properly specified mem-
brane. This possibility is illustrated below by a set of experiments with
three membrane samples (films 1, 2, and 3) for the separation of ¢-butyl
alcohol in aqueous sucrose feed solutions.

The operating pressure employed in these studies was 350 psig, and the
feed flow rate was kept constant (~400 cc/min) in all the experiments.
The concentration of {-butyl alcohol in the feed solution was 2.0 X 103
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Fig. 10. Comparison of the solute separation in single solute system with the corre-
sponding data in mixed solute system: solutes written in the figure mixed with (A) ¢-
butyl alcohol; (O) s-butyl aleohol; (X ) isopropyl alcohol; (®) isobutyl alcohol; (4 ) n-
propyl aleohol; (A) s-butyl alcohol, isopropyl alcohol, n-butyl aleohol, plus isobutyl
alcohol; film type, cellulose acetate (Batch 316); feed concentration 0.002 g-mole/l. for
each solute; feed flow rate, 400 cc/min.

molal (~150 ppm) in each experiment. The sucrose concentration in the
feed solution ranged from O to 0.58533 molal (0 to 16.69 wt-97). At the
operating pressure and feed flow rate used, the separations of -butyl alecohol
in aqueous solution without any sucrose were 809, 709, and 589, with
films 1, 2, and 3, respectively. With 0.5853 molal aqueous sucrose feed
solution, the corresponding alcohol separations were 419, 249, and 109,.

From the PWP, PR, and sucrose separation data, the values of 4, (D4/-
K ) suerose, and mass transfer coefficient for sucrose (ksuerose) on the high-
pressure side of the membrane were calculated by the Kimura-Sourirajan
analysis.® Generally, for the system sucrose—water, the value of (D4a/-
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TABLE 1V
Data for Sucrose—t-Butyl Alcohol-Water Solution System
Specifications of Membranes Used®

. Kinematic
Sucrose concn. in feed viscosity X 10, Buero X 104

Molality wt-% cm/sec cm/sec
0.1148 3.78 0.972 8.2
0.2440 7.71 1.070 7.1
0.3747 11.37 1.183 6.6
0.4990 14.59 1.302 5.0
0.5853 16.69 1.396 3.2

Dsucrose X 105, Dalc X 105, kalc X 104,

X az(sucrosey X 103 em?/sec cm?/sec cm/sec

Data for film 1

3.980 0.497 0.862 11.8
7.421 0.482 0.727 9.4
10.41 0.473 0.627 7.9
12.89 0.466 0.552 5.6
14.51 0.452 0.507 3.5
Data for film 2
5.507 0.490 0.796 11.3
9.351 0.476 0.662 8.9
11.71 0.469 0.586 7.6
13.73 0.464 0.528 5.5
14.94 0.462 0.497 3.4
Data for film 3
6.144 0.487 0.773 11.1
9.982 0.474 0.641 8.7
12.28 0.468 0.569 7.5
14.05 0.464 0.519 5.4
15.16 0.461 0.490 3.3

= Operating pressure: 350 psig.
Film Specifications:

Films 1 2 3
A(g-mole H.O/cm? sec atm) X 108 1.61 2.61 3.78
Av. (Dap/K8)suerase (cm/sec) X 108 0.046 0.035 0.106

Concn. of t-BuOH in feed: 2.0 X 1072 molal.

K8)suerose tends to decrease with increase in feed concentration; this ten-
dency, however, is negligible at low operating pressures, particularly when
the magnitude of the above parameter is itself very small as is the case in
the above experiments.® Further, for practical purposes, the mass trans-
fer coeflicient on the high-pressure side of the membrane may be considered
to be independent of the porous structure of the membrane. Consequently,
for purposes of analysis, average values of (D 43/K08)sucrose aNd Ksucrose AN
be used. These values are given in Table IV,
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The values of (D 4/ K 8)sucrose given in Table IV are applicable for all the
sucrose concentrations used in the feed solution, and the values of Ksucrose
given arc applicable for all the three films studied. This was confirmed by
the back calculation of product rates and sucrose separations using the
the values of A, (D4/K8)sucrose, a0d Ksucrose given in Table IV for films 1, 2
and 3. The results obtained (solid lines) are given in Figure 11 along with
the experimental data. There was excellent agreement between the cal-
culated and experimental data.

For predicting alcohol separations in aqueous sucrose solutions, the first
step is to calculate the applicable mass transfer coefficients for the alcohol
(ka1.) under the experimental conditions. This is done by using eq. (4)
with sucrose—~water as the reference solution system. Thus, eq. (4) can be

rewritten as
2/
Da.lc ?
kalc = ksucrose

DS“C]‘OSE
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where Dy, is the diffusivity of alcohol in the aqueous sucrose solution and
Diuerose 1s the diffusivity of sucrose in water. For calculating the values of
D,1c and Dgyerose, the concentration of sucrose in the boundary solution (i.e.
the mole fraction of sucrose in the concentrated boundary solution,
X s2sucrosey) under the actual experimental conditions employed was used.
The values of X 42(sucrosey Were determined by the Kimura-Sourirajan anal-
ysis of experimental data for each film.5 The values of Dayerose 8t X g2(sucrose)
were obtained from the literature,® and the corresponding values of D, were
calculated from the equation of Wilke and Chang,® using the viscosity (ob-
tained from the literature)® of aqueous sucrose solution corresponding to
X s2(sucrose). ' The values of X go¢sucrose), Dsucrose; Dale, aDd k1 Obtained in
the experiments reported here are given in Table IV.

The next step is to use the value of k.1 calculated above in eq. (5) or its
equivalent eq. (13) to predict solute separation for alcohol. For using any
of the above equations, data on D ,,/K$ for the alcohol and PR are needed.
The data on D 4,/ K8 for t-butyl aleohol for each of the above films were ob-
tained from eq. (1) using the known values of p* (= 15.5), ¢* (= —0.3),and
C* (= —4.46, —3.70, and —2.99 for films 1, 2, and 3, respectively). The
PR data used were the same as those obtained in the reverse osmosis ex-
periments with the t-butyl alcohol-sucrose-water system. The values of
aleohol separation obtained from such calculations are given in Figure 10
(solid lines) along with experimental values. The agreement between cal-
culated and experimental values was excellent. These results illustrate
not only the precise reasons for decrease in alcohol separations in aqueous
sucrose feed solutions, but also confirm the validity of the procedure used
above for predicting such separations.

Conclusions

The data presented in this paper offer further experimental confirmation
of the validity and usefulness of the Taft number criterion for the relative
separation of aleohols in aqueous solutions. The results also illustrate the
applicability of Equation 1 in reverse osmosis transport for predicting
membrane performance in single and mixed solute systems.

The authors are grateful to J. M. Dickson, Lucien Pageau, and A. G. Baxter for their
assistance in the progress of these investigations. Issued as N.R.C. No. 13752.
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