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Synopsis 

Intraparticle diffusion processes for the adsorption of dyestuffs onto chitin have been studied. 
The amount of dye adsorbed per gram of chitin has been plotted against the square root of time. The 
slope of this plot is linear and has been defined as a rate parameter k. This rate parameter has been 
determined for a number of process variables, including initial dye concentration, agitation, chitin 
particle size, chitin mass, temperature, and solution pH. However, sometimes two and even three 
linear regions are apparent on the root time plots indicating a possible branched pore mechanism. 
The controlling mechanisms are due to macropores and micropores in the chitin particle creating 
rapidly and slowly diffusing regions. 

INTRODUCTION 

The experimental results for the adsorption of various dyestuffs onto chitin 
have been reported in a previous paper.l Adsorption isotherms were undertaken 
and demonstrated that chitin had a high capacity to adsorb acidic dyes and could 
also adsorb substantial quantities of mordant and direct dyes. In an attempt 
to predict the kinetics of the adsorption processes2 it was found that kinetic 
models based on external mass transfer only were inadequate to describe the 
variation in concentration with time after the initial five minutes. Consequently, 
it was concluded that a second resistance, operating over a much longer time scale, 
must be a major rate controlling factor. 

The aim of this paper is to demonstrate these intraparticle diffusional effects 
and correlate them in terms of the system variables. The experimental apparatus 
and methodology has been reported previously.1 

Intraparticle Diffusion 

The transport of adsorbates within the internal structure of adsorbents is 
usually described as either homogeneous solid phase diffusion or pore diffusion. 
In the homogeneous model, the adsorption process occurs at the outer surface 
of the particle initially, followed by diffusion of the adsorbate in the adsorbed 
state. The particle is assumed to be homogeneous, although it may still be used 
for particles with substantial porosity, and takes no account of surface area or 
pore size distribution. The pore diffusion model pictures the particles as con- 
sisting of a solid phase interspersed with very small pores. Various pore size 
distributions have been postulated and the sizes range from 1-2000 nm. The 
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fraction of a particle which is porous is designated, the porosity, and ranges from 
0, for a homogeneous nonporous solid, to 1, for no solid content a t  all. 

The classical treatment of diffusion is attributed to Fick, and his second 
law 

dC d2C - =D- 
dt  d X 2  

is the fundamental differential equation for diffusion in an adsorbent where there 
is a concentration gradient along the X axis. The equation is modified for 
spherical particles.3 

sin 8 + -- 
sm28 a ~ $ ~  

dC 1 d 

using the spherical coordinates r ,  8, and 4. 
The mathematical solution of the differential equations for unsteady diffusion 

has been performed for spheres subject to particular boundary equations. The 
model assumes (i) the concentration of solute is uniform at CO and is zero in the 
adsorbent particle at t = 0; (ii) diffusion is radial with no variation in concen- 
tration with angular position; and (iii) the resistance to transfer in the medium 
surrounding the particle is significant only in the early stages of diffusion. One 
solution4 indicates a linear relationship between (CO - C t ) / ( C 0  - C,) and 
(Dt/r2)0.5 for much of the adsorption process. Since D and r are constant for 
a given system then the amount adsorbed Yt ,  which is proportional to (Co - 
Ct)/(Co - C,), will be linearly dependent on The boundary condition (iii) 
allows an initial curved portion due to surface effects, and the intraparticle dif- 
fusion is generally held to predominate over the 10-60% adsorption range with 
a decreasing rate of diffusion (due to bulk solute concentration and surface solute 
concentration decreases), producing another curved portion, leading eventually 
to an equilibrium plateau. The slope of the Yt vs. linear section is designated 
k and is used as a rate parameter. This parameter, although strictly not a re- 
action rate, has been correlated with several of the system parameters such as 
Co, d p ,  etc. to characterize the influence of intraparticle diffusion.5 

DISCUSSION 

A plot of Yt vs. reveals the extent of intraparticle diffusion influence in 
the adsorption mechanism and comparison of rate parameter k values indicates 
how the rate of the adsorption, occurring under this resistance, varies as the 
system conditions are varied. The first observation which the results revealed 
was the occurrence of up to three separate linear portions of the plots (and also 
a linear desorption region for those systems which underwent desorption-see 
Fig. 7). This type of behavior has been alluded to in the literature: although 
the authors, Bell and Molof, identified linear sections in modified Yt vs. t plots. 
They explained their results by postulating different adsorption rates due to 
stepwise transport through the pore size ranges suggested by Dubinin.7 This 
explanation appears reasonable in view of the results reported here. Table I lists 
the rate parameters, kl corresponding to the first linear section of the Yt vs. t05 
plots. 

Several classifications of pore size distributions in porous solids exist, but the 
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TABLE I 
Rate Parameter k,  Values (mg . G-' * min0.5)a 

Dye 
Variable AB 25 AB 158 MY5 DR 84 

Concn ( p p m )  
- - 50 6.61 5.09 

100 7.28 7.68 10.00 0.97 
150 6.62 7.82 9.69 1.26 
200 5.52 9.66 10.00 1.52 
250 6.46 9.12 9.58 1.87 
300 6.73 10.00 - 1.91 

200 7.12 9.17 11.88 1.26 
300 6.15 8.35 7.83 1.67 
500 6.25 9.83 6.86 1.36 
600 6.27 9.22 6.15 1.32 

302 7.95 20.65 10.31 2.16 
427 5.96 12.22 11.14 1.79 
780 4.68 7.08 7.32 1.25 
925 3.96 6.04 7.20 1.23 

0.4 4.26 7.54 - - 
0.7 4.31 8.42 - - 
1.2 4.59 9.04 - - 
1.5 5.18 8.58 
2.5 - - 14.47 1.48 
5.0 6.20 7.22 9.58 1.52 
7.5 - - 8.72 1.23 

30 9.73 5.36 8.33 1.73 
40 11.50 ' 7.34 7.45 1.88 
50 17.25 4.71 11.00 2.13 

2.0 22.50 10.84 - - 

7.0 3.62 6.77 - - 
9.0 4.48 3.37 - - 

a AB 25 = Telon Blue (Acid Blue 25); AB 158 = Neolan Blue 2G (Acid Blue 158); MY 5 = Erio- 

Agitation (rprn) 

Particle size (p )  

Mass (9) 

- - 

T e m p  ("C) 

PH 

chrome Flavine A (Mordant Yellow 5); DR 84 = Solophenyl Brown 3RL (Directed Red 84). 

classification proposed by Dubinin breaks pores down into three size groupings: 
micropores with radius 1-2 nm, transitional pores with radius 2-100 nm, and 
macropores with radius 100-2000 nm. The distribution of these sizes will also 
affect the extent of adsorption. 

Effect of Initial Concentration 

The effect of initial concentration on the k l  values for AB 25 is shown in Figure 
1. The k 1 values were derived from the gradients of the first linear sections, and, 
as can be seen, these sections were almost perfectly parallel, indicating a con- 
stancy in the k l  values. The initial concentration therefore appeared to have 
no significant influence on the intraparticle diffusion rates for this dye. This 
behavior was repeated with MY 5 but both DR 84 and AB 158 showed an in- 
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Fig. 2. Variation of log k l  with log CO for the four dyes: (v) MY 5; (v) AB 25; (0) DR 84; (0 )  AB 
158. 

creasing trend with concentration. The theoretical equations for intraparticle 
diffusion indicate that the concentration dependence of a diffusion-adsorption 
process will vary depending on the characteristics of the adsorption isotherm 
and on the fraction of solute adsorbed at equilibrium. In the case of intraparticle 
diffusion being the only rate-determining step it was found that kl varied with 
the square root of the initial concentrations used.5 In the logarithm plot of kl 
vs. CO in Figure 2 the exponents of 

kl a Con (3) 

were found and are listed in Table 11. With the exception of the MY 5 value and 
the value for all CO values for AB 25, n did center around the 0.5 value, confirming 
that intraparticle diffusion was a prominent factor in the adsorption process. 

TABLE I1 
Exponent n Values for Eqs. (6.12) and (6.13) 

Exponent n 
Dye Eq. (3) Eq. (4) 

AB 25 0.02 0.55 
AB 25a 0.44 - 
AB 158 0.39 1.06 
M Y 5  0.00 0.59 
DR 84 0.59 0.49 

* High CO values. 
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Effect of Agitation 

The effect of agitation on the k l  values for AB 158 is represented in Figure 3. 
Again, a constancy in magnitude was observed, and this was largely reflected in 
the studies for the other dyes. This result was not unexpected since it was noted 
earlier that the effect of agitation would be mainly significant in surface mass 
transfer treatments. 

Effect of Particle Size 

The effect of particle size on the k l  values for DR 84 is shown in Figure 4. 
Table I shows that each of the dyes gave a decrease in the k l  values as the particle 
size was increased. In most cases the decrease was gradual, but AB 158 showed 
a fairly steep decrease. Weber and Morris5 have shown that if surface mass 
transfer is a prominent resistance in the adsorption, then k 1 should vary with 
the reciprocal of particle diameter. Figure 5 shows how the exponents n were 
determined for the equation 

for eah of the four dyes. The values of n are listed in Table I1 and show that the 
n values centered around a value of 0.55, which is usually interpreted as an in- 
dication of intraparticle diffusion predominance in the adsorption mechanism. 
The apparently anomalous value of 1.06 for B 158, which suggests surface mass 
transfer as being the significant resistance, must be considered alongside the 
results, already discussed, for the surface mass transfer treatments.2 These 
showed conclusively that surface mass transfer was not the predominant resis- 
tance; therefour, this result is better interpreted in terms of the physical resis- 
tance offered by restricting the area of surface available for initial adsorption, 
which, as a consequence, reduced the amount of dye available for intraparticle 
diffusion. 

Effect of Chitin Mass 

The effect of mass on the k l  values for MY 5 is shown in Figure 5. Table I 
shows that only MY 5 showed any significant variation in k l  values, but Figure 
4 demonstrates the level of error in fixing the initial slopes for this dye. Overall 
there was not a significant variation in k 1 with mass. 

Effect of Temperature 

The effect of temperature on the k l  values for AB 25 is shown on Figure 6. 
Table I shows how the values varied for all four dyes. The results, with the ex- 
ception of AB 158, behaved as expected, showing an increased rate as the tem- 
perature increased. This lack of temperature effect is probably linked to the 
fact that chelation plays an important part in the adsorption of AB 158 on chitin 
due to the presence of Cr3+, the chelating reaction not being particularly in- 
fluenced by temperature. 
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2 . 0  3.5 3.0 - logdp 
Fig. 5. Variation of log kl  with log d, for the four dyes: (v) MY 5; (v) AB 25; (0) DR 84; (0 )  AB 

158. 

Effect of pH 

The variation in kl values with pH is reported in Table I for AB 25 and AB 
158. Although there was no real pattern, much larger k l  values were found for 
both dyes. 

It was observed that particle attrition was promoted at the low pH values and 
this effect was reflected in the increased rate of absorption over longer periods: 
up to 8 h at  pH 2 compared to 2 h for pH 7 and pH 9. This particle size effect 
was expected to increase the adsorption rate but not the capacity. The increase 
in the uptake is explained when the physical degradation, brought about by the 
acidic attack on the chitin chains, is accompanied by H+-promoted deacetylation, 
followed by protonation of the now increased numbers of amine groups. The 
protonated amine groups constitute a large number of more active sites with 
formal positive charges for interaction with the dye anions. Well-established 
isolation techniques involve acid treatments so the leaching of residual H+ ions 
into the solution is to be expected, and this increased activity explains the large 
increase in kl values at  low pH conditions. 

Additional evidence that the internal mass transport requires more than a 
single rate parameter to describe it completely may be obtained from the 
branched pore kinetic model.8 Work with phenolics separated internal transport 
into rapidly and slowly diffusing regions, which were associated with macropores 
and micropores. In the branched pore model, micropores are considered as pores 
in the range less than 4 X 10-9 m diameter, and, depending on the particular dye 
and its orientation, the dye molecular diameters vary between 2 X m and 
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20 X 
chitin particles. 

m; thus there is certainly adsorption into the micropore regions of the 

CONCLUSION 

Intraparticle diffusion is rate controlling for much of the adsorption process 
for the adsorption of dyestuffs onto chitin. Initially plots of dye adsorbed against 
the square root of time are nonlinear, indicating that boundary layer resistance 
is predominant. However, after this relatively short periods, such plots become 
linear and are valid for up to several hours depending on the system. The dif- 
ferent gradients observed indicate that the internal pore size of the chitin par- 
ticles offered resistance to dye absorption. 

The overall kinetic analysis would need to be based on a more complex two 
resistance mass transfer model, although the present paper gives a comprehensive 
model valid for much of the adsorption process. 
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