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Effects of type of adsorption isotherms
on parallel diffusion of sulfonated dyes
into porous cellulose membrane

Abstract Transport phenomenon of
three sulfonated azo dyes, C.I. Acid
Red 88, C.I. Direct Yellow 12, and C.L
Direct Blue 15 into water-swollen
cellulose membranes has been
analyzed on the basis of parallel
transport theory by surface and pore
diffusion. Langmuir equation was
applied into the mass balance
equation to estimate dye
concentration in the pores. The
results were compared with the results
obtained by applying Freundlich
equation in our previous papers. The
surface diffusivity (D) and the pore
diffusivity (D,) for the parallel

diffusion model obtained by applying
Langmuir equation agreed with those
obtained by applying Freundlich
equation. The theoretical
concentration profiles for parallel
diffusion calculated using D and D,
coincided accurately with the
experimental data when we applied
either Langmuir or Freundlich
equations.
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Introduction

It is well known that dye molecules diffuse in the pores of
water-swollen cellulose membrane in the kinetics of dyeing
of cellulose by direct dyes [1-4]. On the other hand,
intraparticle surface diffusion is well documented in the
field of chemical engineering [5, 6], that is, volatile or-
ganics diffuse in the adsorbed state on the intraparticle
surface of activated carbon.

In our earlier studies, we have explained the theoretical
treatment for diffusion of direct dyes into the water-swol-
len cellulose membrane based on parallel transport by
surface and pore diffusion during non-steady-state diffu-
sion [7, 8]. Then, it was revealed that the diffusion of three
sulfonated azo dyes consists of parallel diffusion with the
constant pore and surface diffusivities [9-117. As the dye
concentration in the pores was assumed to be in local
equilibrium with the dye concentration adsorbed on the

surface of the pore wall, Freundlich equation has been
applied because the adsorption of the dyes onto cellulose is
described by the isotherm over a wide range of dye
concentration.

In the present paper, Langmuir equation was applied
in the mass balance equation and the results were com-
pared with the results obtained by applying Freundlich
equation.

Experimental
Materials

Sulfonated chromophores, C.I. Acid Red 88, C.I. Direct
Yellow 12 and C.I. Direct Blue 15 shown in scheme 1 were
obtained and purified as described elsewhere [9—11]. The
code and molecular weight for the dyes are summarized in
Table 1. The cellulose membrane (cellophane film) was
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Scheme 1 The dyes used

Table 1 The dyes and membranes used

Dye Water-swollen membrane
ClL codle MW. [ I(um) ¢, V(dm3/kg of
dry cellulose)
Acid Red 88 AR88 4004 | 386 0733 238
Direct Yellow 12 DY12 680.1 | 400 0610 159
Direct Blue 15  DBI15 9928 | 364 0757 265

obtained and purified as described elsewhere [7]. The
thickness (/) measured by a membrane-thickness meter
(Kobunshi Keiki Co., Ltd.), the void fraction (e,) and the
volume (V) measured by the pycnometric method [8] of
the water-swollen membrane were summarized in Table 1.
Sodium chloride (guaranteed reagent) was obtained from
Nakarai tesque and used after drying.

Diffusion of the dye — adsorption isotherms

Equilibrium isotherms were measured by batch method as
described elsewhere [9—-11]. Uptake curves and concentra-
tion profiles were measured by using an ultrafiltration type
cell as described elsewhere [9-11]. All experiments were
carried out at 55°C. Experimental data are the same as
those in our previous papers [9-11].

Theoretical

In the theoretical development of the diffusion equations,
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)
the pore diameter and the void fraction of the membrane
are constant during the adsorption process, (4) the concen-
tration of the dye anions in the pores is in local equilibrium
with the concentration of adsorbed dye anions on the
surface of the pore wall, and (5) the diffusion of sodium
chloride is complete before significant diffusion of the dye
molecules.

These assumptions lead to the following mass balance
equation:

dC 0q

Gt =¢
Pot ot *?
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P 622

0%q
D + D, 32 1)
where C and g are the concentrations of the dye in the
pores and on the surface of the pore wall, respectively.
t and z represent time and distance through membrane. &,
is the void fraction of the pores. D, and D, represent the
pore and surface diffusivities, respectively. Using the di-
mensionless variables defined in Eq. (2), Eq. (1) can be
transformed to give Eq. (3).
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where C, is dye concentration in the bulk solution and g,
is adsorbed concentration of dye in equilibrium with Co,.
There are two limiting cases: 8 = 0 (pore diffusion control)
and B = oo (surface diffusion control). However, Eq. (3)
cannot be solved for B = oo, and hence Eq. (1) is trans-
formed to Eq. (4):

ox dy oty

o, %5t Y ap?
where 1, = Dit/I2. The relation between x and y is cal-
culated according to the equilibrium isotherm (fourth as-
sumption). Applying the Langmuir isotherm shown by
Eq. (5), we transformed Egs. (3) and (4) into Egs. (6) and (7),
respectively. The equilibrium constant K in Eq. (5) were
evaluated from constant K; in the Langmuir isotherm by
K =1/(Co Ky + 1):

(surface diffusion control) , )
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Applying the Freundlich isotherm defined by Eq. (8),
we transformed Eqgs. (3) and (4) into Egs. (9) and (10),
respectively.

y=x (8)
1 .. dy 190 . Oy %y
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[(Hvy ]@fp vap[y 6p]+ﬂapz ®)

2
[a + % y - 7] 5—2 =0 2—‘0}; (surface diffusion) (10)

The initial and boundary conditions (I.C and B.C.) are
given by Eq. (11):
(IC)y=0att,=0o0r r,=0 }

1
BC)y=1at p=027dy/dp=0at p=1 (11

Equations (6), (7), (9) and (10) were transformed into finite
difference equations and solved numerically.

Results and discussion

Figure 1 shows the Langmuir plots of the equilibrium data
for AR88 in the presence of different concentration of
NaCl (Cg). The data correlate well with the linear lines

Fig. 1 Langmuir plot of equilibrium data for C.I. Acid Red 88 on
a cellulose membrane in the presence of different concentration
of NaCl at 55°C (0.1 < Cy < 1.5 mol/m?). a: Cg = 30 mol/m?, o:
Cr = 50 mol/m?, o: Cy = 100 mol/m?

06 | ARS8
04

02

gy x10¥mol kg™")™!

1 1 1 1 1 s ) ) 1 1 i

{ Co/ mol-m-3)~!

over a wide range of dye concentration from 0.1 to
1.5 mol/m®. On the other hand, the equilibrium isotherms
for DY12 and DBI15 correlated well with the equation
when the dye concentration is lower than 0.3 mol/m?3, and
it deviated from the isotherm at higher dye concentration
where dye molecules adsorb in multilayer [8]. The equilib-
rium constants K in Eq. (5) are listed in Table 2. Those for
DY12 and DBI1S are quoted from ref. [8]. The values of
o in Eq. (2) and Frendlichy constant y taken from refs.
[10-12] are also listed in Table 2. The smaller value of
K and y indicates the higher attractive force between the
dye molecules and the substrate. K and y for AR88 are
larger than those for DY12 and DB15 due to lower mo-
lecular weight. The equilibrium constants, y for Freundlich
equation is independent of C,, but the value of K decreases
with increasing Co. K is larger than y at lower C,, and
smaller than y at higher C,.

Figure 2 shows the uptake curves for DB15 which
shows the relation between the amount of the dye adsor-
bed on one sheet of cellulose membrane, [D'] and time
(Run 20 in Table 2). The solid and broken lines represent
the theoretical curves for surface and pore diffusion con-
trol, respectively. The heavy and light broken lines for pore
diffusion control, respectively, show theoretical lines
applied for Langmuir and Freundlich equations. The
diffusivity assumed surface diffusion control, D, and the
diffusivity assumed pore diffusion control, D, were

Table 2 Equilibrium constants for Langmuir and Freundlich iso-
therms

Run Dye Cg Co o K b%
No code mol/m® mol/m?
1 ARS8 30 0.3 713 0575 0.509
2 0.5 5.57 0448 0.509
3 1.0 403 0.289 0.509
4 50 0.1 14.8 0.835 0.551
5 0.3 10.1 0.627 0.551
6 0.5 796  0.503 0.551
7 100 0.1 20.1 0.840 0.597
8 0.2 16.6 0.724 0.597
9 03 14.1 0.636 0.597
10 0.5 11.8 0.512 0.597
11 DY12 30 0.1 76.8 0.522 0424
12 03 40.5 0.267 0.424
13 50 0.1 109 0.503 0.441
14 100 0.1 165 0.571 0430
15 150 0.1 209 0.541 0.473
16 250 0.1 263 0.609 0.515
17 DB15 100 0.1 152 0.260 0.230
18 0.3 60.2 0.105 0.230
19 150 0.1 199 0.232 0.219
20 0.3 80.6 0.0914 0.219
21 200 0.1 224 0.203 0214
22 0.3 91.7 0.0784 0.214
23 250 0.1 277 0.229 0.195
24 0.3 109 0.0900 0.195
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Fig. 2 Uptake curve of C.I. Direct Blue 15 on one sheet of membrane
at 55°C. Run 20, Co = 0.3 mol/m3, Cx = 150 mol/m?). The solid line
represents the theoretical curve for surface diffusion applying either
Langmuir or Freundlich equation (D} = 3.24 x 10~ ** m?s™?). The
heavy broken line shows the theoretical line for pore diffusion ap-
plying Langmuir equation (D, = 190x107*?m?s™"). The light
broken line shows the theoretical line for pore diffusion applying
Freundlich equation (D}, = 1.90x 1072 m?s™ ")

obtained by matching the theoretical values calculated by
using Egs. (6), (7), (9) and (10) with the data. There is no
difference between theoretical lines for surface diffusion
control when applying either of these equations. On the
other hand, there is a little difference between the theoret-
ical lines for pore diffusion control when applying either
Langmuir or Freundlich equation. However, the difference
in D}, is comparable to the experimental error. The values
of D obtained by applying Langmuir equation for AR88
are shown as a function of 1/a in Fig. 3. They agree well
with the solid line which represents the regression line
for D, obtained by applying Freundlich equation [11].
he value of D, increases with decreasing «, which indi-
cates contribution of pore diffusion is increasing with
decreasing a.

In order to describe the diffusion of this system by the
parallel diffusion model, we have to know the surface and
pore diffusivities for the parallel diffusion. As described
elsewhere [9], the effective diffusivity, D for the homo-
geneous model that makes no distinction between surface
and pore diffusion was calculated to determine the surface
diffusivity for the parallel diffusion model according to the
following procedure. Assuming Fickian diffusion with
a constant effective diffusivity, the mass balance equation
in the membrane is given by Eq. (12).
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where [D];. as defined by [D], = g + &, C is used.
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Fig. 3 Effects of @ on Dj (o) calculated from Eq. (7) by applying
Langmuir equation for C.I. Acid Red 88. The solid line represents the
regression line obtained from the plots of D; calculated from Eq. (10)
by applying Freundlich equation. The broken line represents the
regression line obtained from the plots for D.(l + /o) in our
previous paper [12].

The solution of Eq. (12) is given by Eq. (13).

0
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F=1 :

(13)

The value of D were determined by matching Eq. (13)
with the experimental uptake curves as shown in Fig. 2. In
addition, Eq. (14) is derived from the relation between the
fluxes based on the parallel diffusion and Fickian model:

dc
P dq *
By taking Cy/q, for the linear isotherm system as an

approximation of dC/dg, Eq. (14) is transformed into
Eq. (15).

1 1
Deff(l +_)=Ds+ Dpa_ >
o4 o

where D, represents the approximate pore diffusivity. The
surface diffusivity for the parallel diffusion, D, was ob-
tained by plotting D¢ (1 + 1/) as a function of 1/ as the
intercept of the linear line. The broken line in Fig. 3 shows
the regression line for the plots of AR88 [11]. The inter-
cept of the broken line agrees with that of solid line,
though their slopes are different. Accordingly, it was ap-
peared that we can obtain D by plotting D as a function
of 1/o without using the homogeneous diffusion model.
The values of D, for DY12 were plotted as a function of
a in Fig. 4. The value of D} increases with increasing o,
which indicates the contribution of surface diffusion in-
creases with increasing o. There is some difference between

ac
Deff<1 +¢ —'—) =D, + SPD (14)

qu

(15)
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Fig. 4 Effects of « on pore diffusivity based on pore diffusion model
for C.I. Direct Yellow 12. (—o—): calculated by Eq. (9) applying
Freundlich equation (8), (--a--}: calculated by Eq. (6) applying Lang-
muir equation (5)

Table 3 The surface diffusivities and the pore diffusivities for the
parallel diffusion model of three dyes

dye Dy/m?s™! D,/m?s7!

C.I. Acid Red 88 1.66 x 10~12 477 x 10712
C.I. Direct Yellow 12 1.18 x 10713 3.59 % 10712
C.1. Direct Blue 15 205 x 10714 5.13x 10713

values obtained by applying Langmuir or Freundlich iso-
therm, however, the intercepts of the lines agreed. The
intercept provides the pore diffusivity for the parallel diffu-
sion, D, as described earlier [10]. The values of D, and D,
of three dyes were summarized in Table 3.

Figures 5 and 6 show the experimental concentration
profiles of DB15 (Run 22 in Table 2) and DY12 (Run 11 in
Table 2) obtained from a stack of 10 sheets of the mem-
brane. The period of the contacting time with the solution
was 144 h for DB15 and 24 h for DY12. The long-dashed
lines, the short-dashed line and the solid lines show the
theoretical lines for pore diffusion control, surface diffu-
sion control and parallel diffusion, respectively. The light
and heavy lines, respectively, show the theoretical lines
obtained by applying Freundlich and Langmuir equa-
tions. The theoretical lines for surface diffusion control are
not affected by the type of the isotherm, however, those for
pore diffusion control are affected by the applied equation.
As described elsewhere [7, 8] concentration profiles are
affected by the equilibrium constant. The concentration
near the membrane surface is higher and the profile is
steeper for smaller equilibrium constants than that for
larger ones. Accordingly, the theoretical line for pore diffu-
sion applied Langmuir equation (K = 0.0748) is steeper
than that applied Freundlich equation (y = 0.214) in
Fig.5. When equilibrium constant increases, the slope

1.0 Paraltel (L)

> BN DB15
Uﬁ \\\
w
;9 \t\ Pore(L)
g - Pore(F)
Ua Surface(F.L)
w L
o L Paraltel(F.L) \!

L [ R NG LT YOt

1 1 1 1 I&.I N} 1 1
0 0182 0.364

distance / mm

Fig. 5 The concentration profile for C.I. Direct Blue 15 in the
stacked membrane at 55 °C for 144 h diffusion time (see Run 22 in
Table 2); (---): surface diffusion control (D, = 3.27 x 10~ 4 m?s~1),
{~--): pore diffusion control applying Langmuir equation
(D = 2.15x 10712 m?s™ 1), (—-): pore diffusion control applying
Freundlich equation (D}, = 2.27 x 1072 m2s™ 1), (—): parallel diffu-
sion model applying Langmuir equation (D, = 2.05x 10" ** m2s~1
and D, = 5.13x1073m?s™ 1), (—): parallel diffusion model ap-
plying Freundlich equation (D,=205x10"'*m?s"! and
D,=513x10"*3m?s"1)

becomes gentle, resulting in the difference between the
theoretical profile for surface diffusion control and for
pore diffusion control becoming small, as is clear for that
of DY12 in Fig. 6 (K = 0.522 and y = 0.424).

As described elsewhere [7, 8, 11], an indicator of the
type of controlling diffusion is f (= «D,/D,). Diffusion can
be approximated by pore diffusion when g < 0.1 and by
surface diffusion when B = 1.0. Parallel diffusion occurs
for 0.1 < § < 10. As B for Runs 22 and 11 are 3.66 and
2.52, respectively, the theoretical lines for parallel diffusion
were calculated by using D, and D, in Table 3. Actually,
the theoretical concentration profile for parallel diffusion
calculated by applying Langmuir equation differs some-
what from that applying Freundlich isotherm, however,
both of them agree well with the experimental data within
the experimental error.

Figure 7 shows the experimental concentration profile
of AR88 with largest equilibrium constant (K = 0.840,
Run 7 in Table 2). The period of the contacting time with
the solution was 2 h. The long-dashed lines, the short-
dashed line, and the solid lines in the figure show the
theoretical lines for surface diffusion control, pore diffu-
sion control and parallel diffusion calculated by applying
Langmuir equation, respectively. The theoretical line for
parallel diffusion agree best with the experimental data,
however, not only the theoretical line for surface diffusion
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Fig. 6 The concentration profile of C.I. Direct Yellow 12 in the
stacked membrane at 55°C for 24 h diffusion time (see Run 11 in
Table 2); (---): surface diffusion control (D, = 1.62x 10~ 13 m?s™1),
(~——); pore d1ffus1on control applying Langmuir equation
(D} =9.66 x10" "2 m?s™"), (——-): pore dlffusion control applying
Freundhch equation (D' =941 x 1072 m2s™ 1), (—): parallel diffu-
sion model applying Langmuir equation (D =1.18x 1073 m?s7!
and D,=359x10"**m?s™"), (—): parallel diffusion model

applying  Freundlich  equation (D, =1.18x 107>  and
D, =3.59x1071257%)
1.0
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Fig. 7 The concentration profile of C.I. Acid Red 88 in the stacked
membrane at 55°C for 2 h diffusion time (see Run 7 in Table 2);
(~—-): surface diffusion control applied Langmuir equation
(D, =210x10"*2m?s™ 1), (---): pore dlffusion control applying
Langmuir equation (D}, = 4.05 x 107  m2s™ 1), (—): parailel dlffu-
sion model applying Langmuir equation (D, = 1.66 x 10”12 m?s™?
and D, =477 x 10" > m*s™ ")

control, but also that for pore diffusion control agree well

with the experimental data despite large § (= 6.99) where-

the contribution of surface diffusion is large. As described
elsewhere [11], the diffusion behavior of ARS8 is specific

because of strong tendency to aggregate in the liquid phase
[12, 13]. The dye molecules diffuse on the surface of pore
wall as a monomer and in the liquid phase in pores as
a mixture of monomer and dimer, resulting that § becomes
large due to smaller D,,. Figure 7 suggests that the type of
controlling diffusion cannot be judged from the concentra-
tion profile when equilibrium constant is large. Figure
8 represents the effects of K on the concentration profiles
at various f. When K = 0.1, the profiles of surface diffu-
sion control (B = 10) differ from those of pore diffusion
control (8 < 0.1), where the dye concentrations near the
membrane surface are high and then slopes become steep.
On the other hand, the slopes of the profiles are gentle
without depending on f when K = 0.9. The equilibrium
constant, K of Run 7 is so large as 0.840 that the theoret-
ical profile for surface and pore diffusion control became
similar.

Conclusions

Uptake curves and concentration profiles for AR88, DY12
and DB15 in a cellulose membrane were analyzed based
on the parallel surface and pore diffusion theory. Lang-
muir equation was applied in the mass balance equation to
estimate dye concentration in the pores. The results were
compared with those applying Freundlich equation. The
following conclusions were made. 1) The surface and pore
diffusivities for the parallel diffusion coincided when ap-
plying either Freundlich and Langmuir equations. 2) The
theoretical concentration profiles for parallel diffusion cal-
culated using obtained D, and D, agreed well with the
experimental data when applying either of these equations.
3) The validity of the theory to obtain the dye concentra-
tion in the pores from the equilibrium isotherm and to
describe the diffusion of these dyes by the parallel diffusion
model was confirmed.
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