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ABSTRACT: In this work, diffusional mass transfer models with and without external 
resistance were applied to represent the adsorption of Acid Red 357 (AR357) and Acid Black 
210 (AB210) by tannery solid wastes. Adsorption kinetic curves were obtained at different 
temperatures (288, 298 and 308 K) and represented according to the models. The mass transfer 
parameters, such as, external mass transfer coefficient (kf) and surface diffusion coefficient (Ds) 
were evaluated. The two models agreed with the experimental data, but, very higher values of kf 
were obtained using the model with external resistance. This indicated that the external mass 
transfer mechanism can be neglected. Then the model without external resistance, which is 
simpler, can be used.  
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1. INTRODUCTION 

Colored effluents are a direct result of the 
dyes production, and also, consequence of its use 
in the textile and related industries (Noroozi and 
Sorial, 2013). It is estimated that about 40-65 L of 
textile effluent are generated per kg of cloth 
produced (Mezohegyi et al., 2012). The inadequate 
release of these colored effluents in aqueous 
ecosystems is esthetically unpleasant and leads to a 
reduction in sunlight penetration, which in turn 
decreases photosynthetic activity, dissolved 
oxygen concentration, and water quality. 
Furthermore, had acute toxic effects on aquatic 
flora and fauna, causing severe environmental 
problems worldwide (Saratale et al., 2011). This 
scenario shows the importance of the treatment of 
dye containing effluents, prior to their final 
discharge into the environment. 

Several technologies for dyes removal from 
effluents are presented in the literature (Gupta and 
Suhas, 2009; Srinivasan and Viraraghavan, 2010; 

Saratale et al., 2011; Mezohegyi et al., 2012). 
Among all of these, adsorption has been preferred 
due to its cheapness and high-quality of the treated 
effluents, especially for well-designed processes 
(Salleh et al., 2011). The main used adsorbent in 
dye removal is activated carbon, but, the use of 
cheap and eco-friendly materials have been studied 
as alternatives (Demirbas, 2009). Recently, tannery 
solid wastes were successfully employed for dyes 
adsorption, proving some advantages, for example, 
the reuse of the treated water in leather industry 
(Piccin et al., 2012, 2013). However, more detailed 
studies about the mass transfer mechanism in the 
dyes adsorption onto tannery solid wastes are still 
necessary. 

In solid-liquid adsorption systems, the mass 
transfer mechanism occurs by external mass 
transfer, intraparticle diffusion (pore volume 
diffusion, surface diffusion, or a combination of 
both mechanisms) and adsorption on the active 
sites (Ruthven, 1984; Suzuki, 1990). The 
diffusional mass transfer models are constructed on 
the basis in the above mentioned steps (Ocampo-



 

Pérez et al., 2010, 2011, 2012). In this way, these 
models can be used as realistic Physico-
mathematical tolls to elucidate the dyes adsorption 
onto tannery solid wastes. 

This work aimed to develop diffusional 
mass transfer models with and without external 
resistance to represent the adsorption of AR357 
and AB210 by tannery solid wastes. The models 
were based on the mass transfer principles and 
used to represent the adsorption kinetic curves 
under different temperatures (288, 298 and 308 K). 
The values of kf and Ds were estimated and its 
dependence with the temperature was studied. The 
rate limiting step of the adsorption process was 
also elucidated.   

2. EXPERIMENTAL SECTION 

2.1. Obtainment of the Tannery Solid 
Wastes  

Tannery solid wastes (TSW) were obtained 
from chromium-tanned leather shaving operation 
in a o-RS, Brazil). These 
residues were dried under vacuum conditions (-500 
mmHg) at 60 ◦C for 48 h (Piccin et al., 2012). 
TSW were cut in rectangular shape (3.31 x 3.31 
mm) with thickness of 0.50 mm.   

2.2. Characterization Techniques  
TSW were characterized according to the 

moisture content (ASTM D3790-79) solid density 
(ρs) (picnometry), void fraction (εp) and surface 
area (S) (BET method) (Quantachrome 
Instruments, New Win 2, USA) (Dotto and Pinto, 
2012). Scanning electron microscopy (SEM) (Jeol, 
JSM-6060, Japan) was used to observe the TSW 
surface. The main elements on the TSW surface 
were identified by energy dispersive X-ray 
spectroscopy (Jeol, JSM 5800, Japan).  

2.3. Dyes 
 Acid Red 357 (AR357) (azo-dissulphonated 
Cr organic-complex dye, molecular weight 956.7 g 
mol-1, CAS 57674-14-3, λmax = 494 nm) and Acid 
Black 210 (AB210) (amine dissulfonated triazo 
organic dye, molecular weight 965.9 g mol-1, CAS 
99576-15-5, λmax = 459 nm) were supplied by the 
Business Leather Unit of Lanxess Company. The 
chemical structures of the dyes are shown in Figure 
1. Distilled water was used to prepare all solutions. 
All reagents were of analytical-grade. 

 

 
(a) 

 

 
(b) 

Figure 1. Optimized three-dimensional chemical 
structures of (a) AR357 and (b) AB210. 

2.4. Adsorption Assays  
The adsorption kinetic assays were carried 

out in batch conditions at different temperatures 
(288, 298 and 308 K) using a thermostated shaker 
(Nova etica, 218 MBD, Brazil). 0.25 g of TSW 
(dry basis) was added to 10 mL of citric 
acid/sodium diphosphate buffer (0.1 mol L-1) at pH 
2.5. After 10 min, 50 mL of dye aqueous solution 
(with desired concentrations) was added and the 
system was stirred at 150 rpm and at a controlled 
temperature. Aliquots were withdrawn in preset 
time intervals and the dye remaining concentration 
was determined by spectrophotometry (Varian, 
Cary 100, USA). All adsorption experiments were 
performed in duplicate (n=2).   



 

3. MODEL DEVELOPMENT 

The mathematical model was developed 
according to the mass balances in the liquid phase, 
describing the variation of dye concentration along 
the time (Equation 1), and in the solid phase, 
describing the variation of dye concentration along 
the time and in the solid position (Equation 2) 
(Ruthven, 1984; Suzuki, 1990). Low values of void 
fraction (εp) were observed for the adsorbent, so, it 
can be assumed that the surface diffusion is the 
predominant intraparticle mass transfer 
mechanism. The initial and boundary conditions 
are presented in the Equations 3, 4 and 5: 
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In Equations 1 to 5, CB is the liquid bulk 

concentration (mg L-1), CS is the liquid phase 
concentration at solid-liquid interface (mg L-1), q is 
the concentration in the solid phase (mg g-1), L is 
the half of the adsorbent thickness (m), VS and VL 
are solid and liquid volumes (m3), kf is the external 
mass transfer coefficient (m s-1), DS is the surface 
diffusion coefficient (m2 s-1), S is the solid density 
(g m-3), t is time (s) and z corresponds to the solid 
position (m). 

The equations are connected through the 
external mass transfer from the bulk liquid phase to 
the solid surface. The liquid concentration at 
surface CS was considered to be in equilibrium 
with the adsorbed phase concentration at solid 
surface. The equilibrium relations are defined 
according to the Langmuir isotherm (Equation 6) 
for Acid Red 357 and BET model (Equation 7) for 
Acid Black 210. The values of qm, kL, qBET, k1 and 
k2 for different temperatures can be found in Piccin 
et al. (2013). 
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The model presented in Equations 1 to 5 can 

be simplified when the external mass transfer is 
very fast. In this case, the value of the external 
mass transfer coefficient kf reach very high values 
and CS is equal CB. Then, the Equation 5 is reduced 
to Equation 12. By the other side, the external 
mass transfer term in Equation 1 is changed by the 
diffusive mass transfer term, as presented in 
Equation 8. Equations 2, 3 and 4 that describe the 
solid volume are not changed and are rewritten in 
Equations 9, 10 and 11: 
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The partial differential equations were 
discretized with respect to z coordinate through 
orthogonal collocation method (Villadsen and 
Michelsen, 1978; Pinto and Lage, 2001). The 
resulting system of ordinary differential equations 
was solved with the help of DASSL code (Petzold 
et al., 1989). 

In order to allow the models evaluation at 
different temperatures simultaneously, DS was 
considered a function of the temperature, 
according to the Equation 13 (Schwaab and Pinto, 
2007): 
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In Equation 13, DS,Tref (m2 s-1) is the surface 

diffusional coefficient at reference temperature Tref 
(in this work, Tref value was equal to 298 K), B is a 
parameter that describes how surface diffusional 
coefficient varies with temperature T. The 



 

dependence of kf with T was found to be negligible 
and a constant value for all temperature was 
estimated. 

The parameters DS,ref, B and kf were 
simultaneously estimated through minimization of 
the least squares function presented in Equation 
14: 
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The minimization of Equation 14 was 

performed by a hybrid optimization algorithm, 
composed by Particle Swarm Optimization and a 
Newton-like optimization method (Schwaab et al., 
2008). 

4. RESULTS AND DISCUSSION 

4.1. Adsorbent Characteristics 
The moisture content of TSW was 7.8±0.8% 

(wet basis). The solid density, void fraction and 
surface area were, respectively, 1450±37 kg m-3, 
15±2% and 3.23±0.63 m2 g-1. The main elements 
on the TSW surface were C, N, O and Cr. The 
SEM image of the adsorbent is shown in Figure 2.  

 

 
Figure 2. SEM image of the tannery solid wastes. 

 
Figure 2 reveals a complex, non porous and 

heterogeneous surface of TSW. Some interlaced 
fibers can be observed. This interlacement suggests 
a lower void fraction and surface area, as 
demonstrated by BET analysis. Furthermore, on 
the basis in these structural characteristics, it can 
be inferred that the large dye molecules are 
transferred mainly by surface diffusion in the solid 
phase.    

4.2. Model Parameters  
The experimental data of batch adsorption of 

Acid Red 357 and Acid Black 210 on tannery solid 
wastes at three different temperatures were used 
for the estimation of the mass transport parameters. 
During the parameters estimation of Acid Black 
210, it was observed that the experimental data at 
288 K present a strange behavior, since adsorption 
rate is higher than the values observed at 298 K. 
For this reason, adsorption data of Acid Black 210 
at 288 K were not considered. In Figures 3 and 4, 
are presented the model adjustment to the 
experimental data of Acid Red 357 and Acid Black 
210, respectively. 

 

 
Figure 3. Model fit for the adsorption of Acid Red 

357 at different temperatures. 

 
Figure 4. Model fit for the adsorption of Acid 

Black 210 at different temperatures. 
. 
In Figure 3, it can be seen that model quality 

is relatively good, but, the model adjustment to the 
experimental data in Figure 4 is not quite 
satisfactory. In this case, a very high adsorption 
rate is observed at five initial minutes. After this 
initial period, adsorption rate is very low and very 
similar at two different temperatures, since the 
slopes of experimental data are identical. 

The estimated parameters are presented in 
Table 1. It can be clearly observed in Table 1 that 



 

the external mass transfer coefficients kf are very 
high, since the usual values ranging from 10-6 to 
10-3 m s-1 (Suzuki, 1990). This indicates that the 
external mass transfer resistance can be readily 
neglected. This fact justifies the use of the 
simplified model presented in Equations 8-12. 

 
Table 1. Estimated parameters for batch 

adsorption of both dyes. 
Parameter Acid Red 357 Acid Black 210 

kf (m s-1) 1.00 1.00 
DS,Tref (m2 h-1) 4.49×10-9 0.384×10-9 

B 13.6 11.5 
 
Since that the model without external 

resistance was physically adequate, the two 
parameters that describe how the surface diffusion 
coefficient varies as a function of temperature 
(Equation 13) were estimated and nonlinear 
confidence regions were constructed (Schwaab et 
al., 2008). The confidence region of the parameters 
is shown in Figures 5 and 6.  

 
Figure 5. Confidence region of the estimated 

parameters with the simplified model for Acid Red 
357. 

 

 
Figure 6. Confidence region of the estimated 
parameters with the simplified model for Acid 

Black 210. 
 

In fact, the estimated parameters (indicated 
as red points in Figures 5 and 6) are equal to the 
ones presented in Table 1, as it could be expected. 
Figure 5 shows that both parameters are very well 
identified, with low parameter uncertainties. 
Besides, Figure 5 shows that parameter B presents 
a high level of uncertainty. Also, confidence 
interval includes positive and negative values. It is 
important to recall that parameter B defines how 
surface diffusion coefficient varies with 
temperature. This result indicates that an increase 
in the temperature causes a small increase in the 
surface diffusion coefficient, which is not 
significant when compared to the experimental 
uncertainty. 

Besides, Figure 5 shows that parameter B 
presents a high level of uncertainty. Also, 
confidence interval includes positive and negative 
values. It is important to recall that parameter B 
defines how surface diffusion coefficient varies 
with temperature. This result indicates that an 
increase in the temperature causes a small increase 
in the surface diffusion coefficient, which is not 
significant when compared to the experimental 
uncertainty. 

The Ds values ranged from 0.79×10-12 to 
1.94×10-12 m2 s-1 for Acid Red 357 and from 
0.11×10-12 to 0.16×10-12 m2 s-1 for Acid Black 210. 
These values are in accordance with the values 
reported in the literature for surface diffusion 
coefficient (Ruthven, 1984; Ocampo-Pérez et al., 
2010, 2011, 2012). It can be noted that the Ds 
values for Acid Red 357 were higher than the Ds 
values for Acid Black 210. This probably occurred 
because the dye dimensions (see Figure 1). Acid 
Black 210 molecular size is higher than Acid Red 
357 molecular size, hindering its transference 
within the adsorbent and leading to lower values of 
Ds. 

5. CONCLUSION 

Mass transfer mathematical models were 
used to represent the adsorption data of Acid Red 
357 and Acid Black 210 dyes onto tannery solid 
wastes. Experiments were performed at three 
different temperatures. Initially, the use of a model 
with external and internal mass transfer resistances 
were employed to fit the experimental data and the 
results showed that external mass transfer 
resistance is negligible. In this way, the model 
without external resistance, which is simpler, can 



 

be used. The estimated values for surface diffusion 
coefficient ranged from 0.79×10-12 to 1.94×10-12 
m2 s-1 for Acid Red 357 and from 0.11×10-12 to 
0.16×10-12 m2 s-1 for Acid Black 210 and are in 
accordance with literature. This indicates that the 
internal mass transfer is the rate limiting step in the 
adsorption of dyes onto tannery solid wastes. 
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