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Synopsis

The transport of three typical direct dyes, C.I. Direct Yellow 12, C.I. Direct Red 2, and C.I.
Direct Blue 15, into a cellulose membrane has been studied at 55°C. Sodium chloride was used as
a stimulator for dyeing. The effects of the concentration of the stimulator on the adsorption
isotherms, the adsorption rate, and the concentration profiles in the membrane were tested. The
experimental adsorption rates of three dyes were quite different. The diffusion mechanism of the
dyes into a cellulose membrane was analyzed on the basis of the parallel transport equation of
surface and pore diffusion as developed in our previous paper. The experimental uptake curves
showed good agreement with the theoretical curves for surface diffusion control. Experimental
concentration profiles also agreed reasonably well with the theoretical lines for surface diffusion
control rather than pore diffusion control. The surface diffusivities of three dyes were quite
different and nearly independent of the adsorbed phase concentration of the dye.

INTRODUCTION

The diffusion of direct dyes into a cellulose fiber has mainly been described
by pore model, which was assumed that the dye molecule diffuses through the
pore and are simultaneously adsorbed on the pore wall. In the analysis of
kinetics of dyeing of a cellulose by a direct dye, attention has been focused on
pore diffusion because cellulose materials swell remarkably in aqueous solu-
tion of the dye and a network of interconnecting pores containing water is
formed. A “pore model” has therefore been developed, assuming that the dye
molecules diffuse through the pore and are simultaneously adsorbed on the
pore wall. It has not been clarified whether the assumption can be applied to
the actual dyeing system of the cellulose or not.'-8

In our previous paper,’ the parallel transport mechanism of pore and
surface diffusion with Freundlich isotherm was proposed for the cellulose
membrane-direct dye system. The contribution of both diffusion has been
discussed theoretically. The experimental uptake curves and concentration
profiles of C.I. Direct Yellow 12 at 25°C showed better agreement with the
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theoretical curves for surface diffusion control rather than pore diffusion
control. Observed surface diffusivities depend little on the adsorbed phase
concentration of the dye.

In the present work, the diffusion mechanism of the two typical direct dyes,

C.I. Direct Red 2 and C.I. Direct Blue 15, are examined as well as C.I. Direct
Yellow 12 (Scheme 1):
The way in which the molecular structure of the dyes affects the adsorption
rate is discussed. The effects of the concentration of the stimulator, sodium
chloride on the adsorption rate, and the diffusivity are discussed. The experi-
mental results of uptake curves and the concentration profiles are compared
with the theoretical values and are discussed in relation to the theory. All
experiments were conducted at 55°C because practical dyeing is performed at
relatively high temperature.

EXPERIMENTAL

Materials

Sulfonated direct dyes, C.I. Direct Yellow 12 (MW = 680.7), C.I. Direct Red
2 (MW = 724.7) and C.I. Direct Blue 15 (MW = 992.8) were obtained from
Tokyo Kasei Co. and were purified as described elsewhere.!® The molecular
structures are shown in Scheme 1. The cellulose membrane (cellophane film)
was soaked in boiled deionized distilled water for 3 h (30 min X 6 times) and

Hsczo@-N=NQ-HC=CH-©N=N@OC2H5

Na0;S S0;3Na
C.1. Direct Yellow 12

Soiessiliey
Na0,S SO;Na

C.1.Direct Red 2

NH, OH HO NH,
N=N-©—Q—N=N

Na035 SO3Na OCH; H3CO Na0,S SO3;Na

C.1.Direct Blue 15
Scheme 1. The dyes used.
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washed with deionized distilled water. Carboxyl group content in the cellulose
membrane which was determined by iodometry!! was 6.25 X 102 eq/kg. The
thickness of the cellulose membrane in water (/) was 40 pm. The volume of
the membrane swollen with water per unit dry cellulose was 1.55 dm? /kg. The
porosity of the cellulose membrane in water (¢,) was assumed to be 0.621,
though it has not been measured. An assumed porosity model has been
adopted as a convenient, albeit arbitrary, means for interpreting the experi-
mental data.

Adsorption Isotherms and Transport of the Dye

Adsorption isotherms of the dyes were measured at 55°C by dyeing the
cellulose membrane for 8 h (C.I. Direct Yellow 12), 72 h (C.I. Direct Red 2),
and 48 h (C.I. Direct Blue 15), which were long enough period to achieve the
equilibrium. The concentration of the dye in solutions ranged from 0.1 to 1.0
mol/m®. Sodium chloride was used as a stimulator for dyeing and the
concentration ranged from 10 to 100 mol/m?. The dye bath ratio was 1 : 2000,
and, under this condition, the decrease of the dye concentration by adsorption
is negligible.

Transport of the dye into a membrane was measured with a Sartorius
ultrafiltration type cell with water jacket. Uptake curves (the relation be-
tween the amount of the adsorbed dyes, [D’] and time) were measured for
periods ranging from 10 min to 6 h using one sheet of the cellulose membrane
in the cell. The concentration profiles after periods from 1 to 144 h were
obtained by superposing 10 sheets of the membrane in the cell. The concentra-
tion of the dye in the cell was 1.0 mol/m®. The concentration of sodium
chloride was the same as those in the case of the adsorption isotherms. The
solutions in the cell were stirred using magnetic stirrer in order to prevent
hydrodynamic boundary layer effects.

Accurately weighed uptake samples were extracted with 25% aqueous pyri-
dene. The concentration of the dye extracted was determined using a Hitachi
U-3200 spectrophotometer with 25% aqueous pyridine as a reference. To
prevent complication arising from cis—trans isomerization of C.I. Direct Yel-
low 12 at room temperature, the dye solutions were illuminated for 30 min
just before measurement.

THEORETICAL

It is assumed that (1) surface and pore diffusion occur in parallel within a
cellulose membrane, (2) pore and surface diffusivities are constant during the
adsorption process, (3) pore diameter and the porosity of the membrane are
constant during the adsorption process, and (4) the concentration of dye in
the pores is in local equilibrium with the concentration of the adsorbed dye on
the surface of the pore wall.

Assumptions (1), (2), and (3) give the following mass balance equation:

i dg_ 92C 5 9% .
_ [ _ R
pr T ar PP gz TS G2 (1)
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where C and g are the concentrations of the dye in the pores and on the
surface of the pore wall, respectively. ¢, is the void fraction of the pores. D,
and Dy represent the pore and surface diffusivities, respectively. Using dimen-
sionless variables given by eq. (2), eq. (1) is transformed to eq. (3):

D,t z C q
TP— 12’ P—l, x—'CO» y—qo (2)
qO Ds
a=—2, oz
€p0 P
ox dy 9% a2y
— ta—=——5+B8— 3
ar, * dr, 3p* 3p? (3)

There are two limiting cases: 8 = 0 (pore diffusion control) and B =
(surface diffusion control). As eq. (3) cannot be solved in the case of 8 = oo,
eq. (1) is also transformed to

dx  dy 3% e
— + a-— = a——; (surface diffusion control) (4)
ar, ar, ap

where 7, = D,t/1%. Surface diffusion control means the surface diffusion is
much faster than the pore diffusion, but it does not mean there is no dye in
the pores, that is, the first term must exist in eq. (4). The relation between x
and y is calculated according to the equilibrium isotherm (fourth assumption).

Applying the Freundlich isotherm defined by eq. (5), egs. (3) and (4) become
egs. (6) and (7), respectively:

y=x" (5)
1 dy 1 9 dy a%y
RRNEYIe b 074 ) PRELARREREN V¢S04 gundty TRy Rl 6
atZy )an » ap(y ap) Bapz (6)
1 dy %y )
a+ —ylV/7) = = a— (surface diffusion control) (7)
¥ ar, dp

The initial and boundary conditions are given by
(I.C.) y=0 atr,=0o0r7,=0

(B.C) y=1 at p=0 (8)
dy/dp=0 at p=1

Local concentration of the dye [D],, mean concentration [D], and fractional
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attainment of equilibrium, F, are expressed, respectively, by

[D]L=‘I+€pc (9)

[D1= [(q+eC) dz/t (10)
[D]  afjydp + fxdp |

- g + €,Co B a+1 (11)

Equations (6) and (7) can be solved numerically after transformation to finite
difference equations.

RESULTS AND DISCUSSION

Figure 1 shows the experimental adsorption isotherms of (a) C.I. Direct
Yellow 12, (b) C.I. Direct Red 2, and (c) C.1. Direct Blue 15 on to the cellulose
membrane in the presence of various concentration of sodium chloride at
55°C. The adsorption isotherms for three dyes reveal Freundlich-type adsorp-
tion. The Freundlich constant y, which is obtained from the slope of each line
in Figure 1, and the value of a (= g,/€,Cy) at C, = 1.0 mol/m® are summa-
rized in Tables I-III. Although the addition of sodium chloride is accompa-
nied by the decrease in the value of y, the values of y for three dyes are
affected little by the concentration of sodium chloride. The value of y of C.I.
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Fig. 1. Adsorption isotherms of (a) C.I. Direct Yellow 12, (b) C.I. Direct Red 2, and (c) C.L.
Direct Blue 15 onto a cellulose membrane in the presence of sodium chloride: (@) 0, (0) 10
mol/m?, (a) 20 mol/m?, (v) 30 mol/m?, (O) 50 mol/m?, and (W) 100 mol,/m® at 55°C.
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TABLE I
Physical Properties in the Cellulose Membrane-C.I. Direct Yellow 12 System at 55°C

Run Cx D, x 10" D, x 10"

no.? (mol /m®) a Y (m?/s) (m?/s)
1(1) 0 1.92 1.00 29.5 56.8
2(1) 10 9.73 0.468 29.0 192
3(1) 20 145 0.436 27.9 305
4(1,10) 30 22.1 0.424 27.5 410
5(1) 50 30.5 0.441 26.0 628
6 (1) 100 43.9 0.430 22.0 800

®The number in the parentheses shows the number of sheets of the membrane superposed.

TABLE II
Physical Properties in the Cellulose Membrane—C.I. Direct Red 2 System at 55°C

Run Cy D, x 10" D, x 10"

no.? (mol /m®) a Y (m?/s) (m?/s)
1) 0 9.25 0.947 0.358 2.92
2(1,10) 10 36.9 0.207 0.404 11.4
3(1) 20 59.2 0.175 0.401 171
4(1) 30 72.7 0.152 0.378 24.1
5(1) 50 95.3 0.144 0.318 29.9

®The number in the parentheses shows the number of sheets of the membrane superposed.

TABLE I1I
Physical Properties in the Cellulose Membrane-C.1. Direct Blue 15 System at 55°C

Run Cg D, x 10" D, x 10

no.? (mol /m®) a Y (m?/s) (m?/s)
1Q1) 20 20.8 0.277 1.54 20.9
2 (1, 10) 30 27.1 0.248 1.98 35.8
3(1) 50 36.8 0.220 2.23 52.0
4(1) 100 54.2 0.230 1.93 73.5

#The number in the parentheses shows the number of sheets of the membrane superposed.

Direct Red 2 is the smallest and that of C.I. Direct Yellow 12 is the largest.
The values of a of three dyes increase with increasing the concentration of
sodium chloride. The value of a for C.I. Direct Red 2 is the largest among
three dyes. The values of a for C.I. Direct Blue 15 are a little larger than that
of C.I. Direct Yellow 12. These results reveal that the selectivity of C.I. Direct
Red 2 is the highest, and the selectivity of C.I. Direct Yellow 12 is the lowest
among three dyes. C.I. Direct Red 2 has the highest affinity for the cellulose
because it aggregates most among three dyes in aqueous solution. C.I. Direct
Yellow 12 has the lowest affinity because of low aggregation due to the steric
hindrance between the sulfonic acid group situated ortho to the ethylene
group. C.I. Direct Blue 15 has the highest molecular weight among three dyes,
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Fig. 2. Uptake curves of (0) C.I. Direct Yellow 12, (@) C.I. Direct Red 2, and (a) C.I. Direct
Blue 15 in the presence of sodium chloride 30 mol/m? at 55°C. The solid lines are the theoretical
lines for surface diffusion control.

but the adsorption force for cellulose is less than that of C.I. Direct Red 2
because of the high solubility due to the presence of four sulfonic acid groups.

Figure 2 shows the relationship between the amount of the dye adsorbed
onto one sheet of cellulose membrane [D’], and time. The adsorption rate of
three dyes into the cellulose membrane are fairly different. The rate of the
diffusion follows the order, C.I. Direct Yellow 12 > C.I. Direct Red 2 > C.I.
Direct Blue 15. On the other hand, the amount of equilibrium adsorption of
dyes follows the order, C.I. Direct Red 2 > C.I. Direct Blue 15 > C.I. Direct
Yellow 12.

Figure 3 shows the relation between the fractional attainment of equilib-
rium, F, calculated from eq. (11) and time for (a) C.I. Direct Yellow 12, (b)
C.I. Direct Red 2, and (c) C.I. Direct Blue 15. The data for each run [(a) runs
2-6 in Table I, a = 9.73-43.9, Cz > 10 mol/m% (b) runs 1-5 in Table II,
a = 9.25-95.3, and (c) runs 1-4 in Table III, a = 20.8-54.2, C5 > 20 mol/m?]
are nearly independent of o and are approximately correlated by the solid
line. In addition in Figure 3(a), the adsorption rate for the system without
electrolyte (run 1 in Table I, a = 1.92) is slower than the other systems.

According to the theoretical analysis based on a parallel transport mecha-
nism of surface and pore diffusion when « > 10 and the surface diffusion is the
rate controlling step is little affected by «.? In contrast, when pore diffusion
control is assumed, the dependence of a on the uptake curve is very large over
every range of a and the adsorption rate becomes slow with the increase of a.
From the comparison between the theoretical trend and the experimental
data in Figure 3, we understood that the contribution of surface diffusion on
the rate of diffusion is appreciably larger than that of pore diffusion.

We then tried to match the theoretical equation [eq. (7)] for surface
diffusion control with the uptake data in Figure 2. The lines in Figure 2 are
the theoretical lines calculated according to eq. (7) and the values of a, v, and
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Fig. 3. The relation between diffusion time and the fractional attainment of equilibrium, F,
for (a) C.I. Direct Yellow 12, (b) C.I. Direct Red 2, and (c) C.I. Direct Blue 15 in the presence of
sodium chloride: (@) 9, (0) 10 mol/m?, (a) 20 mol /m?, (=) 30 mol /m’, (O) 50 mol/m?, and (W) 100
mol/m? at 55°C.

D, in Tables I-111. We can find good agreement between the theoretical lines
and the uptake data. Surface diffusivities D, were obtained by matching the
data with the theoretical values. The values of 2, obtained here are summa-
rized in Tables I-IIL. For reference, pore diffusivities I, were obtained from
eq. (6) by substituting 8 = 0 and using « and y in Tables I-11I, and are also
listed in the tables. D, is affected by « considerably.

Figure 4 shows the concentration profiles of C.I. Direct Yellow 12 for
different diffusion times: 1, 4, 8, and 48 h (run 4 in Table I). Figure 5 shows
the concentration profiles of (a) C.I. Direct Red 2 (run 2 in Table II) and (b)
C.I. Direct Blue 15 (run 2 in Table III) for 144 h of diffusion time. The solid
lines in the figures represent the theoretical profiles for surface diffusion
control calculated using D, which was obtained from the uptake curve for one
sheet of the membrane, « and y in Tables I-III. The dashed lines show the
theoretical profiles for pore diffusion control calculated using D,, which was
also obtained from uptake curve for one sheet of the membrane, « and y in
Tables I-1II.

Figures 4 and 5 show that the experimental concentration profiles agree
reasonably well with the theoretical lines for surface diffusion control. These
results may suggest that the diffusion of direct dyes is controlled by surface
diffusion rather than pore diffusion. The difference between the theoretical
lines for surface and pore diffusion control in Figure 5 is clearer than that in
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Fig. 4. Concentration profiles of C.I. Direct Yellow 12 in the cellulose membrane after various
periods of diffusion time in the presence of sodium chloride 30 mol/m® at 55°C: (a) 1 h; (b) 4 h;
(c) 8 h; (d) 48 h. The solid lines are calculated on the assumption of surface diffusion control
(D, = 2.75 X 10713 m?/s) and the dashed lines are calculated assuming pore diffusion control
(D, = 410 X 1072 m’/s).

Figure 4. The theoretical lines for pore diffusion control in Figure 5 show a
steeper slope than those in Figure 4. This is because the values of coefficient of
Freundlich isotherm vy for C.I. Direct Red 2 and C.I. Direct Blue 15 are
smaller than that of C.I. Direct Yellow 12 as shown in Tables I-III. In the
previous paper,? we showed that the smaller the value of v is, the steeper the
concentration profile for pore diffusion control is, and the boundary between
dyed and undyed part becomes sharper with decreasing the value of y.

In Figure 6, the experimental surface diffusivities are plotted versus g{
which denotes the equilibrium dye concentration in the membrane with the
bulk solution C, (= 1.0 mol/m?). The surface diffusivities of the three dyes

1.0

05

(a+€pC)/(Qqy*€pCop)

{ 11 : |

1

04 0
distance/mm

04

Fig. 5. Concentration profiles of (a) C.I. Direct Red 2 (run 2 in Table II, Cg = 10 mol/m®) and
(b) C.I. Direct Blue 15 (run 2 in Table III, Cr = 30 mol/m®) in the cellulose membrane after
period of 144 h at 55°C: The solid lines are theoretical lines calculated assuming surface diffusion
control [(a) D, = 4.04 X 10~ ' m?/s; (b) D, = 1.98 x 10~ ' m?/s], and the dashed lines are also
theoretical lines calculated assuming pore diffusion control {(a) D, = 1.14 X 10~ B m?/s;
(b) D, = 3.58 X 10713 m® /s].
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Fig. 6. The relation between the surface diffusivity D, and the equilibrium dye concentration
in the membrane, g§ for (a) C.I. Direct Yellow 12, (b) C.I. Direct Red 2, and (c) C.I. Direct Blue
15 at 55°C in the presence of sodium chloride: (®) 0; (0) 10 mol/m®; (a) 20 mol/m®; (v) 30
mol /m?; (T) 50 mol,/m’® (W) 100 mol /m?,

are quite different and follows the order, C.I. Direct Yellow 12 > C.I. Direct
Blue 15 > C.I. Direct Red 2. The reason why the values of the surface
diffusivities of three dyes follow the above order may be due to the affinity
between the dye molecule and the surface of the pore wall. C.I. Direct Yellow
12 showed the smallest affinity due to the smallest molecular weight and low
aggregation because of the steric hindrance between the sulfonic acid group
situated ortho to the ethylene group (see Scheme 1 and Fig. 1). On the other
hand, as the molecules of C.I. Direct Red 2 aggregate and become bigger
molecules than the other two dyes, the value of the surface diffusivity of C.1.
Direct Red 2 may show the smallest. The values of D, of three direct dyes
show nearly constant at the various concentration of dye adsorbed.

Warwicker? and Weisz and Zollinger® presented a pore diffusion model in
which the presence of surface diffusion was denied. Morita et al.®? tested their
model for cellulose-direct dye systems. Morita et al.’s experimental diffusivi-
ties depended on the concentration of the dye. In order to keep the pore
diffusivity constant, Morita et al. concluded that the porosity of the cellulose
changed with the ionic strength of the solution. Contrary to their conclusion,
our experimental concentration profiles showed better agreement with the
theory for surface diffusion control rather than the pore diffusion control as
shown in Figures 4 and 5, although our theory assumed that the porosity is
constant during the adsorption process as described in the third assumption of
the theory.
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CONCLUSIONS

The diffusion of C.I. Direct Red 2 and C.I. Direct Blue 15 as well as C.I.
Direct Yellow 12 in the cellulose membrane was examined by means of
paralilel transport mechanism of surface and pore diffusion. The distinction in
the theoretical concentration profile between surface diffusion and pore diffu-
sion was clear when the value of v is small like that of C.I. Direct Red 2 and
C.I. Direct Blue 15. The experimental concentration profiles of the three dyes
in the membrane agreed reasonably well with the theoretical line for surface
diffusion control calculated by using the surface diffusivity obtained from the
uptake curve for one sheet of the membrane. The surface diffusivities of three
dyes were quite different and followed the order, C.I. Direct Yellow 12 > C.1.
Direct Blue 15 > C.I. Direct Red 2. They were independent of the amount of
dye adsorbed. The stronger the affinity between the dye molecule and the
surface of the pore wall was, the smaller the value of the surface diffusivity
was.

APPENDIX: NOMENCLATURE

C concentration of dye in the pores (mol,/m?)
Cp concentration of electrolyte in the bulk solution (mol/m?)
G concentration of dye in the bulk solution (mol/m®)

D, pore diffusivity (m?/s)

D, surface diffusivity (m?/s)

[D] mean concentration of dye in membrane (= f}[D], dz/I) (mol/m?)
[D], mean concentration of dye in membrane (= ¢ + ¢,C) (mol /m®)
[D’] mean concentration of dye in membrane (= f{[D'], dz/1) (mol/kg)
[D],, local concentration of dye in membrane (g’ + ¢,C) (mol/kg)

ra fractional attainment of equilibrium

{ thickness of membrane (m)

q concentration of dye adsorbed on pore wall (mol /m®)

9 adsorbed concentration of dye in equilibrium with G, (mol /m®)
q’ concentration of dye adsorbed on pore wall (mol /kg)

q4 adsorbed concentration of dye in equilibrium with Co (mol/kg)
t time (s)

|4 volume of membrane swollen with water per unit dry cellulose
= C/G

y /%

z distance that dye diffused in membrane (m)

& Q()/ (pq)

B oD,/D,

Y coefficient of the Freundlich isotherm

€, porosity of cellulose membrane

P z/1

T D,t/1 2

A D,t/1?
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