
The Viscous 디ow of Sodium C hloride Solution Bulletin of Korean Chemical Society, V이. 3, No. 1, 1982 23
6
 
7
 
8
 
9

K. Clusius, Z. Phys. Chem.t B31, 459 (1936).
C. Domb and L. Salter, Phi!. Mag., 43, 1083 (1952).
J. W. Leech, Canad. J. Phys.. 37, 1067 (1959).
S. B. Ko and W. K. Kim, Bull, Korean Chem. Soc., 1, 
131 (1980).

(10) ibid., 2, 17 (1981).
(11) G. L. Hall, J. Phys. Chem. SoLf 3, 210 (1957).
(12) H. Kanzaki, ibid., 2, 24 (1957).
(13) J. J. Burton and G. Jura, ibid., 27. 961 (1966): 28, 

705 (1967).
(14) J. J. Burton, Phys. Rev., 182, 885 (1969).
(15) R. M. J. Cotterill and M. Doyama, Phys. Leu., 25A, 

35(1967).
(16) M. Doyama and R. M. J. Cotterill, Phys. Rev., B1, 832 

(1970).
(17) D. C. Wallace and J. L. Patrick, ibid., 137, 152 (1965).

(1 8) R. H. Beaumont, H. Chihara and J. A. Morrison, Proc. 
Phys. Soc.r 78，1462 (1961).

(19) M. L. Klein and J. A. Venables, "Rare Gas Solids," 
Vol. 1 (1976) and Vol. 2 (1977), p. 672, 862, 
Academic Press, N. Y.

(20) G. L. P이ack. Rev. Mod. Phys., 36, 748 (1964).
(21) O. G. Peterson, D. N. Bat아leld아” and R. O. Simmons, 

Phys. Rev., 150, 703 (1966).
(22) B. L. Smith Phil. Mag.r 6, 939 (1961)
(23) B. L. Smith and J. A. Chapman, ibid.r 15, 739 (1967)
(24) P. Flubach아", A. J. Leadbetter and J. A. Morrison, 

Proc. Phys. Soc.t 78, 1449 (1961).
(25) R. K. Crawford, W. F. Lewis and W. B. Daniels, J. Phys. 

C, 9r 1381 (1976).
(26) J. Kuebler and M. P. Tosi, Phys. /?ez,137A, 1617 (1965).

A Study for the Viscous Flow of Sodium Chloride Through a Cuprophane Membrane

Jong-Gi Jee and Oh Cheun Kwun

Department of Chemistry. Hanyang University, Seoul 133, Korea

Mu Shik Jhon and Taikyue Ree

Korea Advanced Institute of Science and Technology, Seoul 131, Korea (Received October 29r 1981)

For the study of transport phenomena of an aqueous NaCl solution through a cuprophane membrane, a new apparatus 
was constructed. The volume flow rate Q, the permeability coefficient U, and the permeability constant K were measured 
or determined by using this apparatus. The experimental temperature range was 5 to 35°C, and the applied pressure 
increments were 10 to 40 psi. By assuming that the cuprophane membrane is composed of n parallel cylindrical capillaries 
of circular cross-section and that the flow of the solution through the capillaries follows the Poiseulle law, the mean radius 
r of the capillaries and the number n of the latter in the membrane were evaluated. By using a reasonable assumption 
concerning the radius 矿 of the species diffusing through the membrane, it was concluded that the contribution of the 
diffusive flow to the total flow rate Q is less than 10%. Thus, the Q was treated as the rate due to the viscous flow, and 
the viscosity g of the solution in the membrane phase was evaluted, and it was found that T]m is nearly equal to 7>b, the bulk 
viscosity of the solution. From this fact, it was concluded that in the capillaries, no change occurs in the physical state of 
the NaCl solution.The value of= kcal/mole) andeu) were obtained for the viscous How. A possible 
explanation was given.

Introduction

Application of the Eyring Viscosity Theory to the Viscous 
flow of Hydrated Ions Through a Porous Membrane. In the 
theory of liquid viscosity, Eyring considered that the 
molecules displaced relative to one another in the course of 
viscous flow1-4 have to overcome the energy barrier between 
the adjacent equilibrium positions. The theory can be 
applied to the case that the hydrated ions of dilute electrolytic 
solutions diffuse through a porous membrane disregarding 
the electric potential gradient against the external press니re 
gradient. The rate of this process is determined by factors 
similar to those acting in chemical reactions, therefore the 
theory of viscous flow can be treated on the basis of the 

abs이ute reaction rate theory.
According to the absolute reaction rate theory5-6 the net 

velocity (U) of a flow unit under shear stress f is given as 
follows:

U= {kmf - kmb) 2 = 久시exp I电*目 一 exp I一院*]} (D

= 2。。sinh ("엉!*) ⑵

where U。is the velocity of tlie flow unit by other driving force 
such as concentration gradient, and is defined by

3 = 시常=人一厂沖 [ - —如厂) ( 3)

In the above equations, A and，七人3 are the jumping distance
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S-M INTERPHASE
Figure 1. Concentration gradient across a membrane.

and the area occupied by a hydrated ion, respectively, 
and kmb are the rate constants for forward and backward 
jumping rate constants of the ion passing through the 
membrane, km is the rate constant when the shear stress f 
is zero, and〔产 is the activation free energy for the jumping 
at /—0.

Fundamental Relationships of Permeability. For a des
cription of mass flow due to diffusion, we can obtain the 
following mass flux equation from the basic law of transport 
processes:

J^U(C1~C2) (4)

where U is the flow velocity mentioned in Section (1), which 
is equal to the permeability coefficient, Ci and C2 are the 
concentrations of solutions 1 and 2, respectively, and the 
latter has lower concentration than that of the former. For 
solution 1 in compartment 1 of the diffusion cell shown in 
Figure 1, Eq. (4) can be transformed into the following 
equation:

where A and At are the volume of compartment 1, the 
actual surface area of the membrane exposed to the experi
mental solution and the time interval of measurement, 
respectively.

Similarly, for compartment 2, the following equation is 
obtained:

where V2 is the volume of compartment 2.
Combining Eqs. (5) and (6) with (4), one obtaines the 

following equation:

知은＞=-뗴击«)血 ⑺ 

If we intergrate this equation in the limits of intergration 
from C1} and C% at /—0 to C[ and C亳 at t — t as shown in 
Figure 1, the following equation results:

In*응至% = * (-宀 +-志-) f (8)

Considering the mass balance at r = 0 and t — t, one obtains 
the following equation:

VXC\ + V2Cl + V2Ci (9)

In the case where the initial concentration of compartment 
2 is zero, i.e.9 a pure solvent (Cg=O), this equation can be 
rearranged to the following:

= 아qc; — (io)

Substituting Eq. (10) into Eq. (8) for C；, one obtains the 
following equation:

叫1-(1 +브)응卜*总+3“ ⑴) 

For the sake of convenience, C； and C ； are represented 
by Ci(0) and C2(^), respectively. Thus, we obtain the 
following equation:

的-(1+브)응制 = "灶 + 却 (⑵ 

where C2 (0 is the average mole concentration of the 
electrolytic solution in cell compartment 2 at and C3(0) 
is the initial mole concentration of the solution in cell 
compartment 1. Equation (12) is very similar to that derived 
by Mah7, and was derived by a similar reasoning.

The C2 (C in Eq. (12) is represented by the following 
equation:

c2 (t)=七{[G («,) -Cl G) ] Vt+CW V(i)} (13)

where G (勺)and C血) are the concentrations in compart
ment 1 at two successive times 4 and “，respectively, V(t) 
is the solution volume flowing out from compartment 2 at 
time t [=(4+弓)/2]; the average concentration C(t) of the 
flowing out soluiion is given by

CW)=*G(而)+C血)] (14)

The first term in the curled brackets in Eq. (13) represents 
the moles of solute flowing into cell compartment 2 from 
compartment 1, and the second term indicates the average 
mole quantity of the solute going out from cell compartment 
2 at time t.

Viscosity Equation. According to Eyring's rate theory 
of flow1, the viscosity coefficient nm is given by

(15) 

where 7扁 is the viscosity of the liquid in the membrane phase, 
and shear stress (f) is obtained from the following equation:8

(16)

where P, L and r are the pressure increment, the thickness 
of the membrane, and the radius of a pore (capillary) in 
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the membrane, respectively. The pore radius r can be evaluated 
from the following equation:9

r=(8K/S■火 2 (17)

where the permeability constant K, which differs from U 
mentioned in Section (2), can be obtained from the following 
equation in accordance with its definition:

dV(t) _ AKP
dt (18)

L지 b

Here V(t) and A are referred to Section (2), and Q is the 
volume flow rate, m the bulk viscosity of the solution, and 
other parameters have been defined with regard to Eq. (16). 
The specific water contents S in Eq. (17) is calculated from 
the following equation :9

(19)S^(Wwm-Wdm)/Wm:n

where, Wwm is the wet weight of a dry membrane whose 
weight is Wdm.

Next, the shear rate s in Eq. (15) can be calculated from 
the following equation:10-11

§=느戸(3Q+円옿*快 (20

where n is the number of pores on area A of the membrane. 
The approximate equality holds only for a Newtonian liquid.

Here, it will be appropriate to make a comment on Eq. 
(17). The well known Poiseuille equation, n=7rr4P/8LQ1, 
(where Qi — QIn) is obtained by combining Eqs. (15), (16) and 
(20). From the Poiseuille euqation, the following equation 
results:

(20a)n _ 丸?아 = 4打2卩

8切輝=8Lg

where Ah is the cross-sectional area of the capillary. Since 
Q—nQr, we obtain the following equation from Eqs. (18) 
and (20a):

AK nAiF
~瓦 虱一

(20b)

which yields

%（쯩）5

where (儿4/4)三S, and ”搭二勿.The quantity nAkjA can be 
given by Eq. (19) since WwmccA and Wwm— WdmccnAh, the 
latter being the total pore area on the membrane.

The Realtion Between Viscosity and Diffusion. According 
to Stokes9 hydrodynamic theory12, the relation between 
diffusion and viscosity coefficients is given by

丁) kT 3 In 4 〜kT
D常히m= 节打厂 a In。— 6"' 

（기）

where Dm is the diffusion constant through the membrane, 
nm is the viscocity in the membrane phase, a and C are the 
thermodynamic activity (effective concentration) and con
centration of the diffusing species, respectively, the radius 
of the latter being For a dilute solution, In a/ln C= 1, thus, 
the second approximate equality in Eq. (21) holds, which is 
the so-called the Stokes-Einstein formula.13-14

Self-diffusion is a special case of free diffusion. From 

(22)

absolute reaction rate theory, Ree et r?/.15 derived the 
following equation for self-diffusion:

厂j _ kT dint?〜kT 
서s=飞对

which is very similar to the Stokes-Einstein equation. Tn 
Eq. (22), is the jumping distance of the diffusing species 
in the membrane phase, and $ is about 6, in general. Equation 
(22) applies not。기y to s이F-difFusion but also to diffusion in 
non-ionic solutions.15

Theory for Membrane Permeation. In the permeation of 
solution through a mambrane, two phenomena, viscous and 
diffusive flows, occ니r simultaneously. In Sections (1) to (3), 
we have implicitly assumed that only the viscous flow occurs. 
Next, we treat the diffusive flow.

Hartley16, Mauro17 and Tricknor18 derived the following 
equation for the diffusive flow through a membrane from a 
sound theoretical consideration: 

Qd=JKAsyp
RTL

(23)

where Qd is the diffusive flow rate, V is the molar volume of 
the flowing species, and other quantities have the same 
meaning as previously defined. If we define the diffusive 
permeability constant Kd as in the case of viscous flow [Eq.
(18)],  Qd is given by the following equation:

Qf著

By combining Eqs. (23) and (24), one obtains

r\ __ RT Tr
&= SV치 j d

From Eqs. (21) and (25), the following equation results:

, 5V 
r —机 NKd

(24)

(25)

(26)

where N is the Avogadro number. Equation (26) allows us 
to evaluate the radius of the diffusing species in Eq. (21).

Zwolinsky et al.19 treated the permeability of various 
biological membranes from the view point of absolute reaction 
rate theory. An analogous type of kinetic approach to 
membrane transport 나nder steady state conditions has been 
presented by Laidler and Shuler.20 Nagasawa and Kobatake21 
have utilized the ideas of the theory of rate processes22 to 
calculate the net flux of ions thro니아! a membrane subject 
to an electric field.

In the past, however, the studies on the membrane transfer 
of ionic solution are not satisfactory, for example, the vis
cosities 7]m of ionic solutions permeating through membranes 
were not determined. Thus, a new experimental apparat니s 
was designed in this laboratory for the study of viscous flow 
of aqueous NaCI sohition through a cuprophane membrane. 
The experimental volume flow rates Q were analyzed by using 
the following model:

(1) The membrane is composed of n parall이 cylindrical 
capillaries of circular cross section, and all the capillaries 
are open to the surface of cuprophane

(2) The (Na*)” and (Cr)aq ions in the NaCI solution 
behave independently, each of the ions being ass니med to 
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have radius 卩 which is the average of the radii of (Na+)aq 
and (Cl~)aq. The rates of flow thro나gh 나le membrane of the 
cation and anion are eq나al to keep the electro-neutrality.

(3) The flow of the ions is governed by the Poisseulle law. 
The contribution of diffusive flow to the total flow rate Q 
was assumed to be within 10%.

By using this model, the average radius r of the capillaries 
was evaluated,and viscosity 7^mof the solution in the membrane 
phase was obtained. The flow activation parameters, 广 
and忱누, were also determined. The details of the remits 
and discussions will be reported in this paper.

Experiment 이

Cuprophane Membrane and Reagents. Cuprophane 
membrane, which was obtained from Seattle Artifical 
Kidney Supply Company, Seattle, Washington, U.S.A., 
was made from natural cellulose and cuproammonium 
(copper hydroxide plus ammonia), with some additives such 
as diethylglycol, urea and glycerol which improve the 
membrane characters. A piece of the membrane, which 
was sit in a certain size, was placed in a large volume of 
di-distilled water for at least two weeks during which the 
water was freq니ently replaced to remove impurities in the 
membrane.

The thickness (A=l,6934x 10-3 cm) of the swollen 
membrane was obtained by

Figure 2. Schematic drawing 
of a high pressure cell for 
viscous flow measurement. A: 
Stainless steel s니pport disk, 
B:magnetic stirrer bar, C: water 
circulating thermostat, D: elec
trode, E: burret, F: feeding 
chamber, G: leveling valve.

the following procedure: the 
wet membrane was lightly 
dried with filter paper, then 
this was immediately inserted 
between two transparent 
plastic plates. The thickness 
of the swollen membrane was 
obtained by measuring the 
thickness of the sample 
assem미y by using a micro
meter, the thickness of the 
two pla아ic plates having 
been measured previously. 
The area (A) of the cupro
phane membrane used are 
equal to the inner area of 
the measuring cell, A —32. 
02 cm2.

Sodium chloride was extra 
pure reagent grade (MERK) 
and used as received, and the 
water used for aqueous solu
tion was conductivity water 
which was di-distilled.

Cell for Permeability 
Measurement and Experi
mental Procedure. A modifi
ed high pressure cell 
(model 420) for reverse 
osmosis made by AMICON 
CORPORATION in U.S.A.

0-035

-
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Figure 3. A typical standard curve for concentration C vs. 
resistance R on the bridge for the aq. NaCI solution at 25°C.

was employed to obtain the data of permeability coefficient 
(£/) and permeability constant (K) mentioned with regard 
to Eqs. (12), and (18),

The schematic diagram of the modified high pressure 
cell is shown in Figure 2. The cell is divided into two chambers, 
사lamber 1 and 2, by a porous stainless ste이 support disc A. 
The solutions in each chamber were sufficiently 어imd by 
a magnetic stirring table B to reduce a boundary layer 
effect,23-24

An aqueous sodium chloride solution (0.025 M) of 
interest was filled in chamber 1 (355 m/), and chamber 그 

(55 m/) was filled with di-distilled water. The hydrated ions 
in the solution diffuse through the cuprophane membrane 
supported by a porous 아ainless steel disc A.

The conductivity of the ionic solution in chamber 1 was 
measured at an interval of 30 minutes with a conductivity 
bridge model RC-18A made by BECKMAN INSTRU
MENTS, INC. U.S.A. And the concentration of the solution 
was determined by using a standard curve for the linear r미 

tion between the concentration of sample solutions and the 
resistance reading on the conductivity bridge (Figure 3).

The quantity of the ionic solution which diffused through 
나屹 cuprophane membrane was measured by using a burrette 
E for each constant time interval mentioned above. During 
the experiment, the experimental temperature was kept 
at 5, 15, 25 or 35°C (±0.05°C), and experimental pressure 
increments were regulated by using a nitrogen gas bomb with 
a regulator keeping at 10, 20, 30 or 40 psi (±0.1 psi).

Typical experimental data for the 0.025 M NaCI solution 
at 25 °C and 30 psi were listed in Table 1. From the data 
of Table 1, we obtain the U value in Eq. (12) and the K value 
in Eq. (18) for the 0.025 M aqueous NaCI solution flowing 
through the cuprophane membrane at 25 °C under 30 psi 
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pressure increment. The results obtained at other experi
mental conditions will be shown later.

The bulk viscosities 顿订 of the 0,025 M aqueous sodium 
chloride solution were meas나red by using an Ostwald 
viscometer at 5, 15, 25 and 35 °C, 7)b values at these 
temperatures were 1.54, 1.17 0.90 and 0.74 CP, respectively. 
The m values were 니sed to calculate the permeability constant 
K from Eq. (18).

Measurement of Water Content. The water swollen 
cuprophane membrane of a certain size mentioned in 
Section (1) was dried by pressing it lightly between two 
pieces of filter paper to get rid of the surface water in the 
membrane. After weighing the weight (Wwm)of the membrane, 
we dried it in a vacuum thermostat (50 °C) by putting it 
in a bottle whose weight was known. When sufficiently 
dried, the bottle was covered with its stopper, and pulled it 
out of the thermostat of weigh the weight of the bottle plus 
dried membrane 板).This procedure kept the
sample from absorbing atmospheric moisture and sec니red 
for obtaining Wdm, the weight of the dried membrane. The S 
value (0.59) was calculated from Eq. (19).

Result and Discussion

Permeability Coefficient (U). We plotted the data of 
ln[l—(1 + V2! (0)] v.y. t (min) by using the
data shown in Table 1 to obtain the permeability coefficient 
U of 0.025 M aqueous sodium chloride solution. The plot 
represents a good linearlity as shown in Figure 4. According 
to Eq. (12), the U values are calculated from the slopes of the 
straight lines in Figure 4. The U values obtained at various 
temperatures and pressure increments are listed in Table 2. 
The U values increase with increasing pressure increments 
and temperatures, in agreement with Eqs. (1) to (3).

Permeability Constant {K) and the Pore Radius of the 
Membrane. If we measure V(t), the volume of the sample 
solution flowed out of chamber 1 at time (/), temperature 
(T) and pressure increment (P), the permeability constant 
(K) is calculated from Eq. (18) by using the known L, A and 
7ib values. A typical plot of V(t) vs. /(min) shows a good 
linearality as shown in Figure 5. The K values calculated 
from Eq. (18) by using Figure 5 are shown in Table 3.

Inserting the K values in Table 3 and S value (=0.59) in 
Section (3) of the Experimental into Eq, (17), we can 
calculate the pore radius r of the cuprophane membrane. 
The results are represented in Table 4. From Tables 3 and 
and 4 one noets that the K and r values do not change

TABLE 1: Typic이 Experimental Data for the 0.025 M Aqueous 
Sodium Chloride Solution Flowing Through the Cuprophane 
Membrane at 25 °C and 30 psi Pressure Increment

/(min ) V(t}
(Z)

X103

顷) 
(mole/Z)
X102

C2(z) 
(mole/Z)

X103 X102

30 165.5 2.4 2.57 1.12 5.8
60 165.4 5.30 2.57 2.48 11.8
90 164.3 8.10 2.58 3.79 18.7

120 163.2 10.9 2.59 5.12 26.2
150 163.0 13.6 2.59 6.40 33.9

Figure 4. The plot of In {□ — (1 + 丿/G(°)가
vs. t (min) at 25°C for the 0.025 M aq. NaCI solution. From the 
slopes of the straight lines, the permeability coefficients U are 
obtained.

TABLE 2: Permeability Coefficicent {UX1C5 cm/sec) of the 
0.025 M Aqu 커ous Sodidm Chloride Solution Flowing Through 
the Cuprophane Membrane

Press, increm.
(psi)

10 20 30 40

5°C 1.97 3.94 5.01 7.04
15°C 2.27 4.44 6.32 8.59
25°C 2.53 5.37 6.97 9.55
35°C 3.15 6.63 9.65 12.12

TABLE 3: Permeability Constants • 1016 cm2 of the 0.025 M
Aqueous Sodium Chloride
Cuprophane Membrane

Solution Flowing Through the

Press, increm.
(psi)

10 20 30 40

5°C 5.92 5.80 5.74 5.88
15°C 5.48 4.85 4.58 4.67
25°C 4.36 3.84 3.64 3.68
35°C 4.37 4.29 3.95 3.97

distictively with increasing pressure increment P and 
temperature. This is due to the fact that the effects of T and 
P to 나le parameters included in K(—QLr]b!AP) cancel each 
other keeping K about constant; as a result, r becomes 
constant.

Tn Table 4, the parenthesized data are the number of
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TABLE 4: Pore Radius (rX168cm) and the Number of Pores 
(«X 10~15) in the Cuprophane Membrane Through which the 
0.025 M Aqueous Sodium Chloride Solution flows*

30 40Press, increm. 10 20
(P《)

5°C 8.95
(0.751)

8.85 
(0.768)

8.82 
(0.773)

8.92 
(0.755)

15°C 8.63 8.10 7.87 7.97
(0.807) (0.916) (0.971) (0.947)

25°C 7,68 7 .기 7.02 7.05
(1.02) (I-16) (1.22) (1.21)

35°C 7.68 7.62 7.30 7.34
(1-02) (1-04) (1.13) (M2)

叮he data in paretheses are the numbers of pores in the cuprophene
membrane.

Figure 5. The 미。t of V(t) (cm3) vs. f(min) at 25 °C. The 
V(t) is the v시ume of the solution flowed at time t. From tlie 
slopes of the straight lines the volume flow rates Q are obtained.

pores (〃)on the cuprophane membrane, and they were 
calculated from the following equation:

—AS
1 ”

by using the known values of A (=： 32.02cm2) and S (=0.59)
with the r values (unparenthesized data) in Table 4.

The Calculation of Viscosity. The values of the shear 
stresses (f) were calculated from E이 . (16) by using the known 
value of L [Section (1) of the Experimental] and the r vahies
in Table 4. The results are listed in Table 5.

The values of 나le volume flow rate (Q) calculated from the

TABLE 5: Shear Stresses (f dyne/cm2) when the 0.025 M Aqueous 
NaCl Solution Flous Through the Cuprophaue Membrane

Press, incrcm.
(psi)

10 20 30 40

5°C 18.19 35.98 53.79 72,53
15°C 17.54 32.93 47.99 64.81
25°C 15.61 29.31 42.81 57.33
35nC 15.61 30.98 44.52 59.68

TABLE 6: Volume flow Rates (QXlO^m이sec) when the 0.025 M 
Aqueous NaCI Solution Flows through the Cuprophane Membrane,
the Area of which is 32.02 cm2

Press, increm.
(psi)

10 20 30 40

5°C 0.50 0.98 1.46 1.99
15°C 0.61 1.08 1.53 2.08
25°C 0.63 1.11 1.58 2.13
35°C 0.78 1.53 2.11 2.83

TABLE 7: Shear Rates (sX 10~3sec-1) when the 0.025 M Aqueous 
Sodium Chloride Solution Flows Through The Cuprophane Membrane,
the Thickness of which is 1.69xl0-3cm

Press, increm.
(psi)

10 20 30 40

5°C 1.18 2.35 3.50 4.72
15°C 1.43 2.82 4.12 5.52
25°C 1.73 3.24 4.77 6.39
35°C 2.14 4.22 6.11 8.13

TABLE 8: The Viscosity 仞까) for the 0.025 M Aqueous Sodium 
Chloride Solution Flowing Through the Cuprophane Membrane*

Temp. (°C) 5 15 25 35

S (CP) 1.54 1.18 0.900 0.732
勿（CP） 1.54 1.17 0.900 0.750
*Tn this table, the 爪 values are listed for comporsion.

O IO 20 30 40
p(psn

Figure 6. The plot of Q (cm3 sec'1) us. pressure increment 
尸(psi). The Q is the volume flow rate. 
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data of Section (2) of the Experimental are shown in Table 6. 
These Q values increase with increasing pressure increments 
and temperatures.

The plots of Q vs, P have a good linearlity as shown in 
Fig니re 6. The linearity shows that the solution passing 
through the membrane is a Newtonian liquid, and that the 
second equality in Eq. (20) holds. In Eq. (20), 2/n—Qi, the 
latter indicates the volume flow rate through a capillary in 
the membrane. By using the values of r and n in Table 4 in 
conjunction with the Q values in Table 6, we calculated the 
shear rate (s) from Eq, (20). The results are listed in Table 1.

Inserting the f and s values shown in Table 5 and 7 into Eq. 
(15), we obtain the values of viscosity (지啬 for aqueous sodium 
chloride solution flowing through the membrane. The 7]m 
values are listed in Table 8, where, because of the negligible 
P effect on 丁扁 only the average at each temperature is 
shown. Comparing the 椭 with the 爪(bulk viscosity of the 
0.025 M NaCI solution) mentioned in Section (2) of the 
Experimental, one notes that -qm are exactly equal to 지b showing 
that no change occurs in the solution in the membrane phase.

On the Radius of the Diffusing Species. In Eq. (21),卩 is 
the radius of the diffusing species. In NaCI solution, there 
are Na+ and Cr which diffuse through the cuprophane 
membrane in addition to the solvent H2O molecules. We 
take /—4.83 A/2—2A2 A, where 4.83 A is the sum of 
radii of hydrated Na+ and Cl-, ions.25 Thus r' is assumed to 
be the average of radii of the two hydrated ions. In other 
words, we treat the diffusion of NaCI solution as that of the 
particles with radios rf. The F value is larger than the radius 
of unhydrated C1~(L81 A),26 but a little smaller than the 
radius of (Cr)aq=2.55A.25 The radius of (Na+)aq is 2.28 A.25 
whereas an unhydrated Na+ has 나1。radius of 0.95 A.26 Since 
we cannot measure the diffusive rates of (Na+)aq and (Cl~) 
separately, the use of the average F value seems to be rea
sonable, and is not far from the actual siEation.

From Eq. (26), we can calculate r' for the diffusing species 
by using the known values of S (—0.59) and K, the V being 
taken as the molar volume of water (18 m/) because of the 
diluteness of the NaCI solution. As a typical example, the K 
value (3.64X 10~16cm2) at 25°C and 30 psi was taken from 
Table 3, and 尸 was calculated from Eq. (26) as 0.257 A. 
The r" values calculated at other T and P do not change 
significantly from r'—0.257 A since K is about constant 
irrespective of T and P as mentioned previously. Comparing 
나)。value r' —0.257 A with the estimated value (广'=2.42 A) 
mentioned above, one finds that the former is unreasonably 
too small. The smalliness is caused by the fact that in the 
calculation of rf from Eq. (26), we used the K value from 
Table 3 for Kd (diffusive permeability constant), i.e.f K*K> 
the former might include only Kv (the permeation due to the 
viscous flow) or both Kv and K^.

Let us assume that the estimated X =2.42 A is a true value. 
Then the K』value is calculated from Eq. (26) in a converse 
way. We obtained 3.85- 10~17cm2. By assuming K= 
玦十Kd、the ratio Kd]K is calculated as 0.106 by taking 
3.64- 10-16cm^2 at 25 °C and 30 psi (Table 3). Thus we may 
conclude from this ratio that about 10% of the total flux

Figure 7. The plot of In vs. 1/7-. From the 이。pe of the
straight line, the vahje is obtained whereas is 
obtained from the intercept.

is due to the diffusive flow.
Tricknor18 derived theoretically an equation for r/2r/ in 

terms of Qv and Qd, where r is the radius of the capillary, 
and Qv is the volume-flow rate by viscous flow mechanism. 
From the equation, Tricknor concluded

Q广二Qd计rW时

i.e., if the capillary radius much larger than twice of the 
radius of flowing species, the viscous flow is more pre
dominant than the diffusive flow. Since in our case,〈厂〉= 7.94 
A from Table 4 and 尸' = 2.42 A (the estimated value), we 
obtain f"二2. Thus, the condition 尸〉〉2is not satisfied in 
our case. Consequently it cannot be concluded that the 
viscous flow exclusively predominant than the diffusive flow 
in our case. But, combing the above fact (尸/2W=2) with the 
previously mentioned fact (K』K=0106), it may be concluded 
with confidence that in our experiment the diffusive flow 
is involved about 10% or less. Thus, in this paper, we 
treated our experimental data as due to the viscous flow 
neglecting the contribution of diffusive flow.

Thermodynamic Activation Parameters. According to 
Eyring's rate theory,1 the following equation holds for 
viscosity 7]m of the solution in the membrane:

쩌二響기沖* ⑵)

where 三人人〃人、 匕旧成녹 and are the activation 
enthalpy and activation entropy for the viscous flow, res
pectively.

By using the data in Table 8 a plot of In vs. 1/T was 
made in Figure 7. From the slope and intercept of the plot, 
we obtained the following values of the activation parameters:

41拔=427 kc이/mole,，&户=4.32 eu

where the value of 2m(~2.42 AX2) was used in the cal
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culation of The positive value of 두 indicates 
that some amount of libration of water molecules occurs 
in the activation process of the hydrated ion. Since the 
melting entropy of ice is 5.26 eu (—1.46 kcal/273), about 
0.8 (=4.32/5.26) parts of water molecules are liberated from 
the hydrated ion.
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Photochemical and Thermal Solvolysis of Picolyl Chlorides
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Photochemical and thermal solvolysis of 2,3,4—picolyl chlorides (2,3,4—PC) were studied in amine solvents and the results 
were correlated with the electronic structures calculated by PPP-SCF-MO Cl method. Activation parameters show that 
the thermal solvolysis of PC is S1V2 type reaction. The rates of thermal reaction in pyridine or /-butylamine solvent decrease 
in 나le order of 2-PC> 3-PC>4-PC. These results are consistent with the predictions based on the electron densities of 
picolyl chlorides. In photosolv이ysis, the same products as those of thermal reactions were obtained. The results indicate 
that photochemical solvolysis undergoes through h마erolytic cleavage. Relative quantum yields of photosolvolysis of 2,3,4- 
picolyl chlorides in r-butyiamine solvent were determined to be 0.73, 1, and 0.50 respectively. These results are in good 
agreement with the electron densities of the excited triplet state of picolyl chlorides.

Introduction

Interest in the photosolvolysis has been stimulated since 
the discovery that nitrophenyl phosphates and sulphates 
show a substitution reaction to yield the corresponding 
nitrophenol upon ultraviolet irradiation of their aqueous 
solutions1. There has been especially a considerable amount 
of work on the photosolvolysis of benzyl compounds in 

nucleophilic solvents since the photosolvolysis study of certain 
benzyl derivatives by Zimmerman and Sandel2. The 
compounds studied include benzyl (or substituted benzyl) 
s니Ifonium salts, ammonium salts, and halides. It has been 
reported that products res니ting from both heterolysis and 
homolysis of the benzyl-heteroatom bond are formed 
either 니pon direct irradiation or upon photosensitization. 
When benzyl or substituted benzyl chlorides are photolyzed


