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Developing an Equilibrium Equation for Direct Dye Mixtures on Cellulose 

JOHN J. PORTER 
School of Textiles, Clemson University, Clemson, South Carolina 29634, U S A .  

ABSTRACT 

An equilibrium.equation has been developed to correlate data for direct dye/cotton 
systems containing single dyes, mixtures of two dyes, and cotton fibers containing 
carboxyl groups. The data for Direct blue 1, red 2, red 8 1 and yellow 12 at 90°C can 
be explained in terms of a modified Langmuir equation that can account for positive 
and negative dye interactions on the fiber. Standard chemical potentials are tabulated 
and sorption isotherms are plotted for the dye systems evaluated. 

The textile industry in the U.S. currently processes 
over 13 billion pounds of fiber annually [ 101. While 
much of the cotton or cellulose is dyed with mixtures 
of dyes, very little information has been published on 
the mechanism of dyeing cellulose with direct dye 

rium of direct dye mixtures on ce&lose was made by 

an equation to describe the equilibrium. Because es- 
sentially all of the equilibrium equations for dyes on 
cellulose were reported to follow the Freundlich [2] 

fiber, and it is illustrated in Figure 1. The Langmuir 
equation [4] can also be used to describe direct dye 
sorption [9] and is shown below: 

Na,‘ 
(2) 

sat. - Of mixtures. The first attempt to investigate the equilib- K =  
Os Nu,” 

Nede and Stringfellow [71, but they did not propose The Na term, as stated above, represents the sodium 
ion concentration in the fiber or in the dyebath, and 
sat. is the saturation value for the fiber. 

equation, which assumes an unlimited number of sites 
on the fiber, no quantitative account was proposed for 
the competition direct dye mixtures have for the surface 
of the fiber [7]. In this paper, we analyze the experi- 
mental data of Neale and Stringfellow [7] and develop 
equilibrium equations to describe a system containing 
a single dye, a system containing a mixture of two dyes, 
and a system containing cotton fiber in various stages 
of oxidation. 

SURFACE 

Discussion 
Since the dyelfiber system examined in this paper 

uses direct anionic dyes, the equations used to describe 
the equilibrium must take into account the sodium 
ions that are present with the dye anion. Equation 1 
shown below is the Freundlich equation [2] ,  

( i j  

where the Nu term represents the sodium ion concen- 
tration at equilibrium in the fiber internal volume Nui 
and in the external solution Nu,, respectively. The term 
z represents the total charge on the dye anion. For this 
equation, the internal solution is identified as the so- 
lution within the fiber [ l l]  that is influenced by the 
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FIGURE I. Schematic representation of an internal solution. 

When no added salt is present in the dyebath, the 
sodium ion concentration on the fiber is equal to z 
times the dye concentration on the fiber. When added 
salt is present in the dyebath, the sodium ion concen- 
tration on the fiber will not be equal to z times the dye 
concentration and therefore must be calculated indi- 
rectly. This can be done if two basic assumptions of 
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Donnan are made [ l ]  and used with the equations 
shown above. First, the fiber in the dyebath with its 
internal solution is assumed to be electrically neutral, 
that is, the total (+) charge is equal to the total (-) 
charge within the fiber. Second, the standard chemical 
potential of the internal solution and the external dye- 
bath solution are assumed to be equal [ 1 11. When these 
two assumptions are made, the following equation can 
be derived, which allows the sodium ion concentration 
within the fiber to be calculated: 

* (3) 

The subscriptsf; s, and i refer to the fiber, the dyebath, 
and the internal solution, respectively. V represents the 
volume of the internal pore solution and will vary and 
depend on the morphology of the fiber substrate. In 
this case the substrate is cotton cellulose. 

We can calculate the standard chemical potential of 
dyeing [ 111, commonly referred to as the affinity, in 
the following equation: 

-Apo = RTln K , (4) 
Standard Chemical Potential 

where K represents the equilibrium constant shown in 
Equations 1 and 2, R is the gas constant in units of 
calories per degree per mole, and Tis the temperature 
in Kelvins. This has been done for the four dyes illus- 
trated in Figure 2. To make calculations using Equation 
2, it was first necessary to estimate a saturation value 
(sat.) by rearranging Equation 2 into the following 
form: 

( 5 )  
1 lNa,'l.l 1 +- . - =  

Df D,Na,'sat.K sat. 
Langmuir Equation in Reciprocal Form 

Using Equation 5, a least squares plot of the data 
was generated and extrapolated so that an estimation 
of the sat. value for the dye could be made. The stan- 
dard chemical potentials were then calculated from 
Equations 1,2, and 4 and are shown in the upper part 
of Tables I-VI. Ths Fremdlich afiiiities calculated 
from Equations 1 and 4 agree with those reported by 
other workers [ 1 11. 

Using the computer, the value for Vpreviously re- 
Ported [ 1 11 was allowed to vary to see if a better cor- 
relation could be obtained with the data with other 
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FIGURE 2. Dye structures. 

The Langmuir affinities were also calculated using 
Equations 2 and 4 and the saturation values giving the 
best correlation of the data. These results are shown 
in Table I-VI. The affinities calculated with Equation 
2 gave a much smaller percent coefficient of variation 
than those calculated with Equation 1. 

MIXTURE DYEINGS 

When the dyes shown in Figure 2 are used as mix- 
tures of two dyes in the same dyebath, a striking 
suppression of the sorption occurs. This is dramatically 
illustrated in Figure 3, where Direct blue 1 was held at 
constant dyebath concentration while Direct yellow 12, 
Direct red 8 1, and Direct red 2 were added at increasing 
concentrations and suppressed the sorption of blue 1 
with no consistent behavior visible [7]. The sorption 
of Direct blue 1 on oxidized cellulose is also shown for 
comparison in Figure 3 [6 ] .  All of the results are plotted 
as equivalent concentrations to eliminate differences 
due to the diiTerent charges on the dye anions. We at- 
tempted to interpret the data in Figure 3 in terms of 
an affinity equation reported earlier [9] for mixtures 
of dibasic direct dyes, but this was not successful. In 
our earlier work [9], all of the dyes we used were dibasic 
direct dyes and were applied at almost constant ratios 
over the concentration ranges studied. The dyes pre- 
sented in this paper are both dibasic and tetrabasic and 
were applied at varying ratios. For example, in Figure 

values of V. No better overall agreement could be ob- 
tained in this effort, so all data are reported using the 
value of V equal to 0.22 l/kg for cotton cellulose. 
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3 Direct blue 1 is maintained at a constant dyebath 
concentration, while the second dye in the bath is vaned 
in concentration. This appears to place greater de- 

mands on the mathematical analyses than our previous 
work [9], where the two dye concentrations were ap- 
plied in a constant ratio. 

TABLE I. Calculation of affinity of Direct blue I with red 2 in dyebath on cotton fiber at 90°C." 

Blue 1 Red 2 Affinity 

On fiber, mole/kg In s o h ,  mole/kg On fiber, mole/kg In s o h ,  mole/kg Freundlich, Langmuir, 
(. 103) ( *  106) ( -  103) (. 106) Eq. 1 Eq. 2 

2.50 10.07 
3.60 25.18 
4.73 50.36 
5.87 100.72 
7.20 20 1.45 
7.96 302.17 

Average 
Range 
% Coef. variation 

Mixture with red 2 in Table I1 

3.12 50.36 
2.32 50.36 
1.54 50.36 
2.19 100.72 
3.88 151.09 

Average 
Range 
YO Coef. variation 

5.93 
10.90 
15.45 
12.69 
11.04 

-5826 
-5746 
-5761 
-5715 
-5686 
-5634 

-5728 
191 
1.15 

11.04 -5820 
34.50 -60 18 
68.99 -6063 
68.99 -5957 
68.99 -5953 

-5962 
243 
1.53 

-7339 
-7289 
-7337 
-7325 
-7337. 
-7310 

-7323 
49 

0.27 

Eq. 6 

-7204 
-7283 
-7234 
-7 197 
-7245 

-7233 
86 

0.48 

a Charge on dye = 4, intemal volume = 0.22 I/kg, coefficients for Equation 6 are x = 1 and y = - 1, sat. value used = 0.0295 mole/kg, 
NaCl conc. = 0.0855 mole/l, M.W. blue I = 993. 

TABLE 11. Calculation of affinity of Direct red 2 with blue 1 in dyebath on cotton fiber at 90°C." 

Red 2 Blue I Affinity 

On fiber, mole/kg In soln., mole/kg On fiber, mole/kg In soln., mole/kg Freundlich, Langmuir, 
( -  103) ( * 106) (. 103) ( ' 106) Eq. 1 Eq. 2 

9.66 
14.76 
17.66 
2 1.66 
24.15 

Average 
Range 
% Coef. variation 

Mixture with blue 1 in Table I 

5.03 
10.90 
15.45 
12.69 
1 1.04 

Average 
Range 
'70 Coef. variation 

11.04 
34.50 
68.99 

137.98 
275.97 

1 !.C4 
34.50 
68.99 
68.99 
68.99 

9 ,? 3.1L 

2.32 
1.54 
2.79 
3.88 

-6690 
-6501 
-6298 
-6 I55 
-5850 

-6209 
839 
5.11 

- 1  
8 2 .  

50.36 -6502 
50.36 -6326 
50.36 -6247 

100.72 -6088 
151.09 -60 13 

-6235 
490 
3.12 

-8372 
-8381 
-8320 
-8434 
-8353 

-8372 
115 

0.50 

Eq. 6 

-8407 
-8358 
-84 13 
-8322 
-8374 

-8375 
91 

0.44 

Charge on dye = 2, intemal volume = 0.22 I/kg, coefficients for Equation 6 are x = 1 and y = 3, sat. value used = 0.031 mole/kg, NaCl 
conc. = 0.0855 mole/], M.W. red 2 = 725. 

t 
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Morita et al. [ 5 ]  have reported work with mixtures 
of some of the same dyes shown in Figure 2. They 
interpreted the data in terms of the Freundlich equa- 

tion, Equation I ,  and obtained variations with their 
calculated affinities similar to those we report here with 
the same equation. They applied the dyes in constant 

TABLE 111. Calculation of affinity of Direct blue 1 with red 8 I in dyebath on cotton fiber at 90°C.p 

Blue I Red 81 Affinity 

On fiber, mole/kg In soh., mole/l On fiber, mole/kg In soh., mole/l Freundlich, Langmuir, 
( -  103) ( +  106) (. 103) ( *  106) Eq. 1 Eq. 2 

2.50 10.07 -5826 -7339 
3.60 25.18 -5746 -7289 
4.73 50.36 -5761 -7337 
5.87 100.72 -5715 -7325 
7.20 20 1.45 -5686 -7337 
7.96 302.17 -5634 -7310 

Average 
Range 
% Coef. variation 

Mixture with red 8 I in Table IV 

3.00 
2.26 
1.38 
0.89 
3.8 1 
5.68 
7.05 

Average 
Range 
% Coef. variation 

50.36 
50.36 
50.36 
50.36 

100.72 
20 1.45 
302.17 

2.77 
4.26 
6.10 
7.27 
3.85 
2.62 
2.07 

74.01 
148.02 
296.03 
444.05 
148.02 
148.02 
148.02 

-5728 
191 

1.15 

-5333 
-5124 
-4774 
-4473 
-5359 
-5456 
'-5569 

-5155 
1097 
7.7 1 

-7323 
49 

0.27 

Eq. 6 

-7176 
-7178 
-7222 
-7381 
-742 1 
-7397 
-7487 

-7323 
311 
1.75 

* Charge on dye = 4, internal volume = 0.22 I/kg, coefficients for Equation 6 are x = 1 and y = 3.4, sat. value used = 0.0295 mole/kg, 
NaCl conc. = 0.0855 mole/l, M.W. blue 1 = 993. 

TABLE IV. Calculation of affinity of Direct red 8 1 with blue 1 in dyebath on cotton fiber at 90°C." 

Red 81 Blue 1 Affinity 

On fiber, mole/kg In soh., mole/] On fiber, mole/kg In soh., mole/l Freundlich, Langmuir, 
( 106) Ea. 1 Ea. 2 

3.92 
5.57 

Average 
Range 
% Coef. variation 

74.0 1 
148.02 

-4253 -6692 
-4 126 -6744 

-4 189 -6118 
127 52 

,?. 15 0.55 

Mixture with blue 1 in Table I11 Eq. 6 

2.77 74.0 I 
4.26 148.02 
6.10 206.03 
7.21 444.05 
3.85 148.02 
2.62 148.02 
2.07 148.02 

Average 
Range 
% Coef. variation 

3.00 
2.26 
i.38 
.89 

3.81 
5.68 
7.05 

50.36 -435 1 
50.36 -4161 
50.36 -39ii 
50.36 -3764 

100.72 -4265 
20 1.45 -4 142 
302.17 -4098 

-6824 
-6758 
-6104 
-67 13 
-6907 
-6747 
-6720 

-4100 -6768 
586 198 

4.88 1.08 

Charge on dye = 2, internal volume = 0.22 I/kg, coefficients for Equation 6 are x = I and y = 0.5, sat. value used = 0.01 14 mole/kg, 
NaCl conc. = 0.0855 mole/l, M.W. red 2 = 676. When this point is excluded from the data, the CV is reduced to 0.74. 
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ratios over the sorption range and obtained affinities 
that varied significantly. It was our objective in this 

work to derive an equilibrium equation that would 
better correlate the experimental data. In the following 

TABLE V. Calculation of affinity of Direct blue I with yellow 12 in dyebath on cotton fiber at 90°C.* 

Blue 1 Yellow 12 Affinity 

On fiber, mole/kg In soh ,  mole/] On fiber, mole/kg In soh., mole/] Freundlich, Langmuir, 
( -  103) ( *  106) (. 103) ( 106) Eq. 1 Eq. 2 

2.50 
3.60 
4.73 
5.87 
7.20 
7.96 

Average 
Range 
% Coef. variation 

10.07 
25.18 
50.36 

100.72 
20 1.45 
302.17 

Mixture with yellow 12 in Table VI 

0.19 
0.30 
0.62 
1.29 
2.17 
1.29 
2.78 

Average 
Range 

10.07 
25.18 
50.36 
50.36 
50.36 

100.72 
20 1.45 

4.35 
4.33 
4.23 
2.79 
1.91 
3.67 
2.89 

293.83 
293.83 
293.83 
146.91 
73.46 

293.83 
293.83 

-5826 
-5746 
-576 I 
-5715 
-5686 
-5634 

-5728 
191 

1.15 

-392 1 
-3619 
-3720 
-4233 
-4738 
-3851 
-4209 

-4042 
1119 
9.49 

-7339 
-7289 
-7337 
-7325 
-7337 
-7310 

-7323 
49 

0.27 

Eq. 6 

-7378 
-7108 
-7253 
-7037 
-7283 
-7162 
-7375 

-7228 
34 1 
1.81 % Coef. variation 

"Charge on dye = 4, internal volume = 0.22 I/kg, coefficients for Equation 6 are x = 0.334 and y = 0.169, sat. value used = 0.0295 
mole/kg, NaCl conc. = 0.0855 mole/l, M.W. blue 1 = 993. 

TABLE VI. Calculation of affinitv of Direct vellow 12 with blue 1 in dyebath on cotton fiber at 90°C." 

Yellow 12 Blue I Affinity 

( -  103) ( * 106) ( -  103) (. 106) Eq. I Eq. 2 
Freundlich, Langmuir, On fiber, mole/kg In s o h ,  mole/l On fiber, mole/kg In soh., mole/] 

~ 

2.09 
3.00 
4.44 

Average 
Range 
'70 Coef. variation 

73.46 
146.91 
293.83 

-3664 
-3493 
-338 1 

-3513 
283 

'4 4.05 
"--': 

-6222 
-6163 
-6273 

-6219 
110 

0.89 

Mixture with blue 1 in Table V 

4.35 293.83 
4.33 293.83 
4.23 293.83 
2.79 146.9 1 
1.91 73.46 
3.67 293.83 
2.89 293.83 

Average 
Range 
% Coef. variation 

0.19 
0.30 
0.62 
1.29 
2.17 
1.29 
2.78 

10.07 -3388 
25.18 -3401 
50.36 -3422 
50.36 -3617 
50.36 -3909 

100.72 -3374 
20 1.45 -3354 

-3495 
555 

5.79 

Eq. 6 

-6285 
-6306 
-6345 
-6366 
-6607b 
-6267 
-6269 

-6349 
339 
1.88 

Charge on dye = 2, internal volume = 0.22 I/kg, coefficients for Equation 6 are x = I and y = 0.6, sat. value used = 0.00843 mole/kg, 
NaCl conc. = 0.0855 mole/], M.W. yellow 12 = 681. When this point is excluded from the data, the CV is reduced to 0.65. 
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FIGURE 3. Sorption of Direct blue I on cotton with one 
other dye or carboxyl groups on fiber at 90°C. 

sections, we discuss the specific factors affecting sorp- 
tion and evaluate data obtained with the individual 
dye mixtures. 

FACTORS INFLUENCING MIXTURE DYE SORFTION 

The factors that could affect the sorption of a direct 
dye when it is used in the presence of another dye are 
as follows: 

1. Competition of the two dye anions for available 
sorbing surface. 

2. Decrease in sorption of either dye anion in the 
mixture because of the increase in total concentration 
of sodium ions on the fiber contributed by both dyes. 
When Nal is calculated from Equation 3 for both dyes 
on the fiber, and then used in Equation 2 to calculate 
a D, on the fiber for the individual dye, the calculated 
value of D~wil l  be lower even if no interaction of the 
dyes occurs on the fiber and no space limitations exist. 

3. Electrical repulsion of a dye from the fiber surface 
by other sorbed dyes of like charge. 

4. Attraction of dyes for each other on the fiber sur- 
face. 

5. Interaction of direct dyes with each other in so- 
lution. 

The last factor of this list, 5 ,  does not appear to be 
influencing the sorption of the dyes presented here be- 
cause of the temperature used. AU dyeings were con- 
ducted at 90°C, and there was no evidence to support 

24 1 

solution interaction [7] at this temperature. This ob- 
servation was in agreement with the results we reported 
in our earlier work [9]. 

We evaluated several simple equilibrium equations 
to find one that best correlated the data for the mixture 
dyeings. We attempted to use a mole fraction for the 
internal solution sodium ion concentration based on 
the two dye concentrations present on the fiber, but 
these were unsuccessful. For the dye ions in the dye- 
bath, we obtained the best correlations using the actual 
dye concentrations present in the bath. After much 
experimentation, we selected the following equation as 
giving the best correlation of the experimental data: 

DhNaif 

Modified Langmuir Equation 

where the subscripts a and b refer to the two different 
dyes under study andf; i, and s refer to the fiber, in- 
ternal solution, and solution, respectively. The coeffi- 
cients x and y are determined for the secondary dye 
Q, in the mixture.This equation approaches Equation 
2 when the secondary dye concentration approaches 
zero on the fiber. 

Using Equation 6 and a personal computer, we de- 
termined values for x and y by trial and error and cal- 
culated the affinities. These are presented in the lower 
part of Tables I-VI. The percent coefficients of variation 
were generally good and the mixture dyeing affinities 
agreed remarkably well with the affinities for the single 
dyeings. The values reported for x, y, and the saturation 
values were selected as giving the best overall correla- 
tion of the data. When the constants were optimized 
for each individual case, the correlation was only 
slightly improved for two of the six cases evaluated. 

To visually see the correlation and interpret the ex- 
perimental data, four curves are plotted in each of the 
Figures 4-7. The curves shown in..each figure are de- 
scribed as follows: 

Plot 1: A plot of the single dye sorption isotherm. 
Labeled %lone7’. 

Plot 2: 4 plot of the sorption isothem wher, varying 
concentrations of a second dye are added to the bath. 
Labeled “with other dye”. 

Plot 3: A plot of the calculated concentration of dye 
“A” that would be obtained if the only factor lowering 
the sorption of dye “A” were the presence of added 
sodium ion (common ion) on the fiber attributed to 
the second dye “B’. Equation 2 was used to calculate 
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FIGURE 4. Sorption of blue 1 alone and 
with red 2 on cotton fiber at 90°C. 

FIGURE 6. Sorption of blue 1 alone and 
with yellow 12 on cotton fiber at 90°C. 

0 50 100 150 200 250 300 

6 
Dye in Solution, Molell x 10 

FIGURE 5.  Sorption of red 2 alone and 
with blue 1 on cotton fiber at 90°C. 

0 100 200 300 

6 
Dye in Solutlon, Molell x 10 

c-’ : 
FIGURE 7. Sorption of yellow I2 alone and 

with blue I on cotton fiber at 90°C. 

1 

the concentration of dye “A” when Nui was contributed 
by both dyes on the fiber. Labeled “Nui effect”. 

Plot 4: A calculated plot that would have been ob- 
tained if perfect agreement were achieved with 
Equation 6. Equation 6 was used to solve for a value 
of dye “A” that would give perfect agreement when 
the experimentally determined concentration of the 
second dye, “B”, was present on the fiber. Labeled 
“perfect fit”. 

AGREEMENT OF DATA WITH EQUATION 6 

The overall agreement was good for the three dye 
mixtures and very good for blue 1 and red 2 shown in 
Figures 4 and 5 ,  where the actual data plot and theo- 
retical plot are almost identical. The deviation was 
greater for yellow 12 shown in Figure 7. However, when 
one point was eliminated from the calculated average 
shown in Tables IV and VI, the correlation was very 
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good for both red 81 and yellow 12. Considering the 
added difficulty in spectrophometrically measuring two 
dyes in a solution at varying concentration ratios, the 
agreement with Equation 6 was satisfactory. The results 
also indicate that two or three of the factors mentioned 
above may operate jointly to affect the sorption of a 
dye when it is used in a mixture. 

The affinities calculated by the Freundlich equation 
(Equation 1) for the mixture dyeings are shown in the 
lower part of Tables I-VI to illustrate how this equation 
gives a poorer correlation when it is applied to a system 
containing two dyes. The modified Langmuir equation 
(Equation 6 )  takes into account the presence of a sec- 
ond dye and may be used to give a quantitative measure 
of the effect each dye has in the mixture. This is illus- 
trated in Table VII, which gives the values for the coef- 
ficients x and y and lists the saturation values used for 
their calculations. We will now examine each mixture 
in more detail to interpret the results obtained. 

RED 2 AND BLUE 1 MIXTURE 
The data for blue 1 and red 2 shown in Tables I and 

I1 and plotted in Figures 4 and 5 illustrate the case 
where Direct red 2 actually interacts with blue 1 on 
the fiber so as to increase its sorption over that expected. 
If no competition for surface or interaction of the dyes 
occurred on the fiber, a decrease in sorption of each 
dye would be expected. As discussed earlier, this is due 
to an increase in the total sodium ion concentration 
on the fiber contributed by both dyes. If this were the 
case, the actual curves for the dyes when present in the 
mixture would be equal to the Nai effect curve shown 
in Figures 4 and 5. The Nai effect curve in Figure 4 is 
the calculated concentration of blue 1 that would be 
sorbed in the presence of the measured concentration 
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of red 2 on the fiber. In Figure 4, the actual sorption 
of blue 1 in the mixture (labeled “with Red 2”) is greater 
than that calculated for the Na, effect curve. The con- 
cept of attractive interaction of red 2 for blue 1 on the 
fiber is in agreement with the negative coefficient (- 1) 
shown at the bottom of Table I. The similarity of the 
molecular structures of red 2 and blue 1 shown in Fig- 
ure 2 would support the possibility of complex for- 
mation on the fiber. 

In the case of red 2 shown in Figure 5, blue 1 sup- 
presses the sorption of red 2 more than would be cal- 
culated by the common ion effect of sodium and shown 
as the Na, effect curve. This is illustrated by the positive 
value of 3 obtained for the coefficient for red 2 in Table 
11. If Equation 6 is correct, the blue 1 dye appears to 
block out three molecules of red 2 dye per molecule 
of blue 1 sorbed. Either physical blocking or electrical 
repulsion may contribute to this effect, since the avail- 
able information will not distinguish which is occur- 
ring. No doubt in Figure 3 the decrease in sorption of 
blue 1 caused by the presence of carboxyl groups on 
cotton fiber [6]  can be accounted for by the carboxylate 
ion rather than surface competition. The location of 
the carboxyl groups within the fiber, which were pro- 
duced by a chemical reaction, should be very different 
from that of the dye molecule on the fiber and give 
very different results. The direct dye molecules are be- 
lieved to prefer the ordered areas near the crystal re- 
gions [ 1 11, while the chemically formed carboxyl group 
may be near the surface or unordered accessible regions 
of the fiber. 

It is surprising to imagine that red 2 on the fiber 
attracts blue 1 to the fiber, while at the same time blue 
1 blocks red 2 from the fiber. The hydrogen or van der 
Waals bonding side of the dye molecule would be ex- 

TABLE VII. Constants used in Equations 1-6 for affinity calculations for direct dyes on cotton fiber at 90°C.” 

Coefficients for % Cyf.  of variation 
Saturation Equation 6 y . 

Charge value Eq. 1, Eq. 2, Eq. 6, 
Dye on dye moles/kg X Y Fruend. Lang. mixture 

Red 2 & blue 1 
Red 2 2 0.03 1 1 3 5.11 0.50 0.44 
Blue i 4 0.0295 i -: : . :5  0.27 0.48 

Red 81 2 0.01 14 1 0.44 2.15 0.55 1.05b 
Blue 1 4 0.0295 1 3.4 1.15 0.27 1.75 

Yellow 12 2 0.00843 1 0.6 4.05 0.89 1.88b 
Blue 1 4 0.0295 0.334 0.169 1.15 0.27 1.81 

Red 81 Kc blue 1 

Yellow 12 & blue 1 

’ NaCl conc. = 0.0855 moles/liter. When one point is excluded from the data these two values are reduced to 0.74 and 0.65, 
respectively. 
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pected to face the cellulose surface, while the sulfonate 
groups face the aqueous internal solution within the 
fiber [ 1 11. In this case, the four negative charges on the 
blue 1 dye would be more likely to prevent interaction 
with an approaching dye molecule than the two charges 
on the red 2 dye. The results reported here agree with 
this concept and the specific nature of dyedye inter- 
actions. While interaction is proposed on the fiber we 
obtained no evidence for the single dye aggregation 
here or in previous work 191 at 90". 

The saturation value used for blue 1 and red 2 is 
approximately half of that reported by Neale and 
Stringfellow [7], but may be explained by the fact that 
their results were obtained at much higher sodium 
chloride concentrations. Our previous work has shown 
that the saturation value can increase with increasing 
salt concentration [9]. 

RED 81 AND BLUE 1 MIXTURE 

The data for blue 1 and red 81 are represented in 
Tables I11 and IV. The figures for these two dyes are 
not shown to conserve journal space. Both of these 
dyes decrease the sorption of the other dye more than 
can be explained by the common ion effect of sodium. 
Direct red 8 1 blocks the sorption of blue 1 by a factor 
of 3 to 4 according to the value of the y coefficient 
obtained from Equation 6 and shown in Table 111. 
When one dye molecule blocks several other dye mol- 
ecules, as noted earlier with blue l and red 2, it is be- 
lieved to occur by electrical repulsion rather than 
physical blocking of specific fiber surface. More support 
for this concept may be obtained by comparing data 
taken at different salt concentrations. The field repul- 
sion effects should be more sensitive to ionic strength 
than the physical blocking effects and decrease more 
rapidly as salt concentration increases. The concentra- 
tion of salt used in these experiments was 5 g/l, which 
is not low and should tend to minimize the electrical 
repulsion of like charged dyes. With this pair of dyes, 
blocking by either dye decreases at the higher dye con- 
centrations. - 

The effect that blue 1 has on the sorption of red 81 
is small and accounts for the small y coefficient of only 
0.5, indicating that about one-half of the sorbed blue 
1 molecules block the red 8 1 dye. Evidently the differ- 
ence in molecular structure and site selection of these 
two dyes separates them sufficiently on the fiber so that 
interaction is much less than that observed with blue 
1 and red 2. Much of the effect of blue 1 on red 81 
may be attributed to the common sodium ion effect 
rather than specific dye interaction. 

YELLOW 12 AND BLUE 1 MIXTURE 

The data for blue 1 and yellow 12 are given in Tables 
V and VI and plotted in Figures 6 and 7. As the curves 
in Figure 3 illustrate, the effect of yellow 12 on the 
sorption of blue 1 was the most dramatic of the three 
dyes. The best agreement for Equation 6 was obtained 
with a very small value for the x coefficient of 0.334 
and a value of 0.166 for the y coefficient. In this case, 
the correlation requires the use of an exponential func- 
tion. Even though the yellow dye has a different struc- 
ture from that of blue 1 , it must be located on the fiber 
in a very critical position to so effectively displace the 
blue dye. This is more understandable as an electrical 
field effect than a surface blocking effect, since it is 
hard to imagine that yellow 12 can block six to ten 
molecules of blue 1 by occupying surface area. This 
case emphasizes the importance of electrical effects 
when the two dyes try to occupy the same surface. It 
is possible that yellow 12 has a high affinity for a small 
number of sites, as the data in Table VI support this 
concept. As stated earlier, the salt concentration used 
here was 5 g/l, which would be expected to reduce ionic 
interactions. More data at different salt concentrations 
would help to confirm this point and should give a 
better insight into the charge interactions occumng 
within the fiber. 

The data for yellow 12 with blue 1 in Table VI gave 
the poorest correlation of the dibasic dyes, as the coef- 
ficients of variation in Table VI1 show. When we omit- 
ted one data point taken at the lowest yellow 12 con- 
centration in Table VI from the calculations, the cor- 
relation was very good (0.65). One interpretation that 
may be given for the high affinity obtained at this point 
is that yellow 12 has a high affinity for a small fraction 
of the fiber surface available for sorption. This was 
noted above and should be supported with additional 
data to confirm the concept. The primary effect that 
blue 1 has on the sorpticp of yellow 12 is to lower the 
sorption by the Nai effect or common ion effect. This 
is similar to the explanation given for blue 1 and red 
81 above and in agreement with the closeness of the 
mixture dyeing curve with the Nai effect curve shown 
in Figure 7. 

BLUE 1 WITH OXIDIZED COTTON 

We made one interesting observation when we cal- 
culated the affinities of blue l for cotton fiber contain- 
ing various concentrations of carboxyl groups, shown 
in Table VIII. The results came from a fiber containing 
carboxylate anions that are chemically fixed to the fiber 
rather than dye anions that are free to move in the 
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TABLE VIII. Calculation of affinity of Direct blue 1 on cotton fiber containing carboxyl groups at 90°C. 

Blue 1 Total carboxyl groups (61 Affinity 

On fiber, mole/kg In soh., mole/kg pH On fiber, mole& As C02-ion, mole/ Freundlich, Langmuir, 
( -  103) ( *  106) Soh. (. 103) kg ( * IO’) Eq. 1 Eq. 2 

2.50 10.07 7.00 3.00 O.OOb -5826 -7339 
3.60 25.18 7.00 3.00 O.OOb -5746 -7289 
4.73 50.36 7.00 3.00 O.OOb -5761 -7337 
5.87 100.72 7.00 3.00 O.OOb -57 15 -7325 
7.20 201.45 7.00 3.00 0.00 -5686 -7337 
7.96 302.17 7.00 3.00 O.OOb -5634 -73 10 

Average -5728 -7323 
Range 191 49 
% Coef. variation 1.15 0.27 

With cotton containing higher carboxyl group concentrations [6] Eq. 6 

4.73 
3.15 
2.26 
1.27 
1.05 

Average 
Range 
% Coef. variation 

50.36 6.20 3.00 
50.36 6.20 19.00 
50.36 6.20 36.00 
50.36 6.20 63.00 
50.36 6.20 76.00 

O.OOb -5761 -7337 
10.37 -5739 -7270 
18.7 1 -5800 -7306 
30.30 -5833 -73 14 
35.14 -5910 -7385 

- 5 809 -7322 
171 116 

1.16 0.58 

a Charge on dye = 4, internal volume = 0.22 I/kg, coefficients for Equation 6 are x = 1 and y = 0, sat. value used = 0.0295 mole/kg, 
The best agreement was obtained by excluding NaCl conc. = 0.0855 mole/l, M.W. blue 1 = 993. Ka COOH groups = 0.135. IO-’. 

these groups, which are believed to exist mostly as esters in the reference fiber [8]. 

equilibrium. The dye anions are expected to compete 
for similar areas in the fiber even if they are sorbed on 
different sites. The carboxylate ions formed from a 
chemical reaction would be expected to be in the ac- 
cessible areas of the fiber, possibly near the surface. As 
the oxidizing agent enters the fiber at the surface, it is 
expected to react with available glucose units without 
seeking specific sites as the dye does. If this is true, the 
carboxyl groups should block very few of the dye anions 
from their specific sites and only serve to participate 
in the Donnan equilibrium, which should lower blue 
1 sorption. 

The results presented in Table VI11 agreed very well 
with this hypothesis, with the exception of the reference 
sample reported [6] to contain 3 milliequivalents of 
carboxyl group per kilogram of cotton. All efforts to 
use these data in the calculations gave poorer corre- 
lations. Examination of the literature [8] indicates that 
most of the carboxyl groups originating in cotton fiber 
can be attributed to pectins and other polybasic acids. 
The polybasic acids are easy to remove, but the pectic 
acid (polygalacturonic acid) is reported to be to a large 
extent esterified and only hydrolyzed to the carboxylic 
acid by boiling with 1 % sodium hydroxide for 30 min- 
utes [8]. In this case, we believe that a major portion 
of the carboxyl groups in the reference cotton fiber 
were not participating in the Donnan equilibrium and 

were therefore not included in the calculations. The 
results shown in Table VI11 agree with this and correlate 
very well with Equations 2 and 6 when y = 0. The 
ionization constant used for the carboxyl groups in 
cotton fiber was 0.135 X less than one tenth of 
the value of the ionization constant for acetic acid. 
This is a value that would be expected for carboxylic: 
acids in aqueous alcoholic solvents [4], which are sim- 
ilar to the oxidized cotton used for the data in Table 
VIII. 

It is evident that the data correlate better with the 
Langmuir equation than the Freundlich equation, 
which is commonly used. However, the fair correlation 
of the data with the Freundlich equation offers evidence 
that the carboxyl groups do not iperfere with the dye 
sites for blue 1 but only participate io the Donnan 
equilibrium. When only one dye is present in the sys- 
tem or a small fraction of the dye sites are used, both 
the Freundlich and Langmuir equations will give good 
correlations of the data. The Langmuir equation is 
preferred because it can take into consideration the 
limitation of surface and the presence of other dyes. 

Conclusions 
The computer makes it possible to evaluate several 

equilibrium equations that can be applied to direct dye 
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mixtures. In this study, we report the best correlation 
obtained to date and discuss the development of a 
modified Langmuir equation, Equation 6, which we 
use to interpret the sorption of three direct dye mix- 
tures. The calculated affinities were similar to those 
obtained with the same dyes applied individually. The 
equation was able to illustrate both attractive dye in- 
teraction on the fiber in the case of red 2 with blue 1 
and dye repulsion in the case of red 8 1 or yellow 12 
with blue 1 .  The coefficients of variation were good for 
three of the six data sets evaluated and very good for 
four data sets when two data points were omitted. 
Equation 6, developed for mixture dye sorption, sup- 
ports the concept that fiber surface competition, total 
sodium ion concentration on the fiber, and dye inter- 
action on the fiber all occur with direct dye mixtures. 
While direct dyes select specific locations for sorption 
on cellulose that may be mutually identical or signif- 
icantly separated, their sorption in a mixture can be 
described by a single equilibrium equation. This equa- 
tion can be useful for quantitatively measuring the ef- 
fects the dyes have on each other and is consistent with 
Equation 2 used for a system containing a single dye. 

In the case where cellulose contains chemically 
bound ions such as carboxyl groups, the Langmuir 
equation can be used to correlate data for direct dye 
sorption when the carboxyl groups are taken into con- 
sideration. This case provides an excellent example of 
the common ion effect produced by the total sodium 
ion concentration on the fiber. It would be applicable 
to systems containing mixtures of direct dyes that add 
to the total sodium concentration on the fiber but do 
not interact with each other or compete for surface 
area. 

More work at equilibrium conditions is needed to 
provide a better evaluation of the quantative effect salt 
has on the electrical interaction of direct dyes within 

the fiber. We will also extend this work to other direct 
dye mixtures on cellulose to evaluate the use of Equa- 
tion 6 and, we hope, provide better insight into dyeing 
systems containing mixtures of direct dyes. 
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