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Diffusivity and kinetic aspects for the adsorption of pollutants onto

polymeric materials

George Z. Kyzas, Dimitrios N. Bikiaris, Nikolaos K. Lazaridis, Margaritis Kostoglou

Division of Chemical Technology, School of Chemistry, Aristotle University of Thessaloniki, GR-541 24

Thessaloniki, Greece

In the current work, the adsorptive behavior of two different-class dyes (Remazol Brilliant Red 3BS,
C.l. 239, C3;H19CIN;Nas0,4S, as reactive dye and Remacryl Red TGL, C19H»5Cl.N50,, as basic dye)
on several polymeric materials (chitosan derivatives) was studied. The latter combined with a typical
diffusion-adsorption and desorption mathematical model using Langmuir-Freundlich (L-F) isotherm, is
used as probe to analyze the interaction in dye-polymer system. Polymeric materials as chitosan
adsorbents were used, which were grafted with different functional groups (carboxyl-, amido-,
sulfonate-, N-Vinylimidazole-) to increase their capacity and cross-linked to improve their mechanical
resistance. By matching the experimental data to the proposed mathematical model for several
temperatures (25, 45, and 65 °C), using as fitting parameters the pore or surface diffusivities, and
exploring the knowledge of the temperature’s dependence should be exhibited by the pore diffusivity
several, while results regarding the mechanism of the motion of the dye in the polymeric (adsorbent)
particle were derived. The analysis revealed that in the case of the basic dye the relatively weak
interaction forces (chelation reaction) permits the appearance of surface diffusion, having an
increasing contribution as the density of adsorption sites increases. In the case of the reactive dye, the
stronger electrostatic interactions prevents the surface diffusion, but their longer range creates
electrostatic fields in the pores and correspondingly charge gradients in the particle, which inhibits or
facilitates the pore diffusion depending of the dominant charge sign in the adsorbent particle. The
findings of the present work set the basis for more complex and detailed models for the adsorption

kinetics of the particular system.

Keywords: Polymeric adsorbents, Chitosan, Dyes, Kinetic modeling, Diffusivity
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George Z. Kyzas, Dimitrios N. Bikiaris, Nikolaos K. Lazaridis, Margaritis Kostoglou

Division of Chemical Technology, Department of Chemistry, Aristotle University of Thessaloniki, Greece, GR-541 24

- Aim ~ Diffusivity - Modeling (theory)

=Chitosan derivatives as adsorbents
*Removal of pollutants (reactive and basic dyes) from effluents
*Adsorption study

The “homogeneous” equations for the evolution of C' and ¢ 1nside a spherical
adsorbent particle of radius R, are the following:

*Diffusivity and kinetic aspects (temperature effect on kinetics) £ C_10 oy € G(C.q)
p 2 p P 4
\ / ot r°or or
: o 1 0 q
—— Experimental S =% D -G(Ca)

1 g/L of adsorbent, 50 mL of dye solution (500 mg/L), 0 - 24 h, pH=2
(reactive dye), pH=10 (basic dye), 25 - 65 °C. The experimental
equilibrium data were best fitted to the Langmuir-Freundlich

_ isotherm (L-F). Y

The boundary conditions for the above set of equations are:

1) mass transfer from the solution to particle:

k (C,—C)=-D o , at r=R
m b P @I’
r=R

Adsorbents (Chitosan derivatives)

______________________________________________________________________________________________________________

11) spherical symmetry:

 |neosso 0 N oC oq
NN — |=| — |=0, at r=0
‘*omaogso _ mL _\NH HOH,C _ 8r ar
- "\ Va in | Ho o 0
, o5Pae , o I S O In the present case, the local adsorption 1sotherm 1s directly related to the global
Cross-linked chitosan derivative O N :
S 7 -

| HOH,C 0 adsorption isotherm (eq 1), leading to:
Grafted with sulfonate groups g

Ch-g-Sulf , Nk i vati 1/n 1/n

= é " g-sulf) i Cross lm.ked ch.ltos.an. derivative g=0,.bC"" /(1+bc"")

. Ve \N | Grafted with N-vinylimidazol groups

i H2C | .. . . . . . .

|0 X Naoss0 (Ch-g-VID) | In the limit of very fast adsorption-desorption kinetics 1t can be shown by a rigorous

- |nao,s0 o [ Home AW 71 derivation that the mathematical problem can be transformed to the following:
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o HO B B ) /NH HOH,C ; 7 8r r=R
. . N 7 [ Bt ENS Ho The diffusivity D 1s an overall diffusivity, which combines the bulk and surface
Cross-linked chitosan derivative o 0 . Co . :
Grafted with amido groups L HOH2C / 1, diffusivities and 1s given by the relation:
(Ch-g-Aam) Cross-linked chitosan derivative |
i HOH,C \N 1 Grafted with carboxyl groups D Dp
@) - ! ! : p—

\ . +

-1-70 HO 1™ (Ch-g-Aa) ; s '

i Q/ | none N1 pol (C)
HO \ o) g o o

The average concentration of the adsorbed species can be computed by the relation:

C|:=O i L ] N_H HOH,C - n
NH Hzc—(|_3|¢\/\¢\ R
____________________________________ S 1S S | ; 3 J‘ 2
= | =— | gredr
] _ ieo Have R® < |
Basic dye Reactive dye

The reactive dye is composed of sulfonate groups, and the adsorbents contain amino groups (the higher
basicity/alkalinity of adsorbent, the stronger protonation occurs at acidic conditions). So, the main
adsorption mechanism of reactive dyes onto chitosan is based on the strong electrostatic interactions
between dissociated sulfonate groups of the dye and protonated amino groups of the chitosan. Many
studies confirm that the above process is favored under acidic conditions, where the total “charge” of
chitosan adsorbent is more positive (due to the stronger protonation of amino groups at acidic pH values).
Proposing our diffusion concept, it is obvious from the experimental data that: (i) the temperature’s
dependence of the coefficients Dp (Table 3) suggests that the transport mechanism is not simply a pure
diffusion through the pores, and (ii) the small values of Dp versus Dpw set questions about the existence
of surface diffusivity. The strong electrostatic interaction in the adsorption sites inhibits the surface
diffusion. Moreover, the electrostatic forces have a relatively large region of action. Using as reference
the non-grafted chitosan (Ch), the existence of charges of opposite sign at the pore walls creates a surface
charge gradient in addition to the adsorbate gradient in the adsorbent particle. This charge gradient drags
the oppositely charged dye molecules inside the particle and leads to enhanced effective pore
diffusivities. This fact could completely explain the increase of diffusivity related with the grafting groups
(the more positively charged grafted groups, the stronger attraction of negatively charged dye molecule).
As the density of the adsorption sites increases, the charge density in the particle increases, leading to
higher effective pore diffusivity values. The temperature’s dependence of this electrostatically facilitated
diffusion process is weaker than that of the pure diffusion process. However, the opposite phenomenon is
occurred in the case of sulfonate-chitosan derivative (Ch-g-Sulf), where the surface charge is of the same
sign as that of the dye molecule, inhibiting the diffusion process. The above concept of the adsorption
process of reactive dyes on chitosan derivatives suggests the need for the development of models taking
into account explicitly the electrostatic interaction between dye and adsorbent, instead of considering
them only by the modification which they create to the effective pore diffusivity Dp.

Table 3. Diffusion coefficients for the Reactive dye adsorption,
suggesting pore diffusion (R*>0.993)

From all the combinations of dye-adsorbent calculated, the only one in which Dp follows the temperature’s
dependence of Dpx is the combination of BR-Ch (adsorption of basic dye onto non-grafted chitosan) (Table 1).
The value Dp/Dpwo = t/€ is computed as 12.294, 11.854, 11.723 for the three temperatures of 25, 45, and 65
°C, respectively, suggesting that the actual transport mechanism is the pore diffusion with no specific
interactions between adsorbent and solute (t/e=12). Indeed, Ch has amino and hydroxyl groups in its molecule,
but smaller in number compared to that of grafted chitosan. So, the relatively weak interactions between dye
and adsorbent (hydrogen bonding, Van der Waals forces, pi-pi interactions, chelation) do not affect drastically
the transportation/diffusion of dye. Taking into account that € for chitosan derivatives ranges between 0.4 and
0.6, it results that t is about 6; this is a reasonable value located between the generally proposed value (t=3)
and these values that holds for microporous solids as activated carbon (t>10). On the contrary, the higher
values of the Dp, which were found in the case of grafted chitosan derivatives, indicate that the surface
diffusion mechanism takes part. So, the fitting procedure must be repeated using the Dp values calculated (as
an approximation assuming similar geometric structures) for the non-grafted chitosan (Ch) at 25, 45, 65 °C and
searching for the Ds values that fits these data (Table 2). Of course, the slight decrease of t/e versus
temperature, which was found for Ch, suggests that some surface diffusion is still presented, but given the
approximate nature of analysis, it is reasonable to ignore it. The surface diffusion coefficients calculated for
the basic dye in all the chitosan derivatives are shown in Table 2. It is noted that surface diffusivities exhibit
much smaller temperature’s dependence than the pore diffusivities do. In the surface diffusivity, the increase
with temperature is related to the enhancement of the thermal motion of the adsorbed molecules
(proportional to the absolute temperature), whereas in the pore diffusivity is related to the decrease of the
water viscosity. The surface diffusivity also increases with grafting as the density of the adsorption sites
increases (Table 2). It is due to the fact that the larger density of adsorption sites corresponds to the smaller
site-to-site distance in the chitosan backbone, and consequently to the higher probability of transition from
one site to another.

Table 1. Diffusion coefficients for the Basic dye adsorption,
suggesting only pore diffusion (R*>0.993)

Table 2. Diffusion coefficients for the Basic dye adsorption,
suggesting both pore and surface diffusion (R*>0.993)

Basic dye Basic dye Reactive dye
D, x 10™ (m?%s) D, x 1070 (m?/s) D, x 10 (m?/s) D, x 10™° (m?/s)

Adsorbent 25 °C 45 °C 65 °C Adsorbent 25°C 45°C 65°C 25°C 45°C 65°C Adsorbent 25 °C 45 °C 65 °C
Ch 0.342 0.491 0.650 Ch 0342 0491 0.650 - - - Ch 0.172 0.180 0.188
Ch-g-Aa 1.539 1.582 1.621 Ch-g-Aa 0.342 0.491 0.650 0.743 0.479 0.755 Ch-g-Aa 0.178 0.184 0.191
Ch-g-VID 1.140 1.222 1.310 Ch-g-VID 0.342 0.491 0.650 0.701 0.708 0.714 o

Ch-g-Sulf 1.978 2.059 2.140 Ch-g-Sulf 0342 0.491 0.650 0.876 0.887 0.898 gﬂ J \S/Hl:i): 8823 8(7)22 88;;
D, x 10'° = 4.181, 5.812, 7.621 m?/s at 25, 45, and 65 °C, respectively. Dy, X 10 = 4.181, 5.812, 7.621 m*/s at 25, 45, and 65 °C, respectively. -g-ou ' ' '

D, = 0 m?/s at 25, 45, and 65 °C, respectively.

Dy, x 10 = 3.092, 4.210, 5.623 m?/s at 25, 45, and 65 °C, respectively.
D, = 0 m?/s at 25, 45, and 65 °C, respectively.
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