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SYNOPSIS 

An approach to study of intraparticle ion-exchange kinetics of aromatic amines such as p -  
chloroaniline, p-toluidine, and p-nitroaniline as ligands on Co2+ loaded-ligand exchanger 
of sporopollenin (carboxylated epichlorohydrine [CEPI-sporopollenin) is presented and 
the ligand-exchange reaction in the resin matrix is shown to be rate-determining. Kinetic 
studies of aromatic amines as ligands on the CEP-sporopollenin have been performed using 
continuous column runs. The observed rate seems to be related to the rate of ligand sorption 
with the mobile phase (ion) and pH in the aqueous phase. The rate of attainment of equi- 
librium sorption and breakthrough curves of aromatic amines is seen to be nearly similar. 
With the sorption mechanism deduced to be dominantly particle diffusion-controlled, dif- 
fusion coefficients determined were found to range from 1.10-' to 1.0 lo-' cm2 s-I. Coupled 
with the fact that different concentrations of solution were employed, these results may be 
interpreted as indicating that particle diffusion is the rate-determining step; on the contrary, 
film diffusion was not a rate-controlling step in the ligand-sorption process under the 
conditions employed. 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

Aromatic amines are of particular concern as at- 
mospheric pollutants, particularly in the workplace, 
because some are known to cause urethral track 
cancer (particularly of the bladder) in exposed in- 
dividuals.' Aromatic amines are widely used as 
chemical intermediates, antioxidants, and curing 
agents in the manufacture of polymers, drugs, pes- 
ticides, dyes, pigments, and inks. In the atmosphere, 
amines can be attacked by a hydroxyl radical and 
undergo further reactions. Amines that possess pairs 
of free electrons are capable of displaying electron- 
donating properties and of functioning as ligands. 

Polymeric sorbents, which can selectively remove 
target contaminants and be regenerated efficiently, 
are highly desirable for large-scale commercial ap- 
plications.2 In this regard, sorption of aromatic 
amines has been investigated by the novel metal li- 
gand exchanger. 
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Many kinds of ion exchangers and adsorption 
resins have been synthesized and are widely used 
in industrial ion-exchange operations, catalytic 
reaction, and However, macroretic- 
ular ion-exchange resins and gel ion-exchange res- 
ins have been rarely studied on intraparticle diffu- 
 ion."-'^ This article reports the ligand sorption 
and stripping kinetics of carboxylated epichloro- 
hydrine ( CEP ) -sporopollenin. 

The importance of the sorption of aromatic 
amines by such metal ligand exchangers has created 
an increasing need for the understanding of the 
mechanism and kinetics of the sorption/ stripping 
process to permit prediction and optimization of the 
performance of the sorption processes. Studies of 
kinetic aspects of performance can be generally di- 
vided into two types according to the mode of op- 
eration: ( i )  stirred tank operation and (ii) packed 
bed column operation. In the first type, the amine 
solution is stirred using a magnetic stirrer or a shak- 
ing bath and its concentration during sorption is 
measured by a spectrophotometer using periodical 
sampling or continuous recording. In packed column 
operation, the sorption is determined by feeding the 
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bed with different concentrations of amine and 
monitoring the UV absorbance at  the outlet. In both 
types of operation, the pH and ionic strength of all 
solutions and slurries used is preadjusted using 
buffer and salt solutions. 

Ligand exchange was conceptualized and formally 
introduced by Helffer i~h. '~ , '~  Cu( 11) - or Ni( 11) - 
loaded weak acid cation-exchange resins were used 
by Helfferich to enhance the sorption of various li- 
gands through relatively strong Lewis acid-base in- 
teractions. In such ligand-exchange processes, the 
water molecules (weak ligands) present a t  the co- 
ordination spheres of immobilized Cu ( 11) and 
Ni ( 11) in the cation-exchange resins are replaced 
by relatively strong ligands, such as ammonia or 
ethylenediamine. The following provides a typical 
ligand-exchange reaction with ammonia where "M" 
represents a divalent metal ion with strong Lewis 
acid properties: 

(RCOO-)zMZC(H2O), + NHZ + 
(RCOO--)2M2+(NH3), + nHzO 

The overbars denote the exchanger phase and R 
represents the polymer matrix. During the last 30 
years, a great deal of work has been done to apply 
the concept of ligand exchange in different areas 
such as separation technology and pollution control 
processes with a varying amount of success. 

Sporopollenin is a natural polymer'"-'s obtained 
from Lycopodium clauatum which is highly resistant 
to chemicals, has a high capacity, is stable, has a 
constant chemical structure, and occurs naturally 
as a component of spore walls and exhibits very good 
stability after even prolonged exposure to mineral 
acids and alkalis. Sporopollenin is produced by ox- 
idative polymerization of carotenoids and carotenoid 
esters, which led to  the proposed monomer struc- 
tures of the macromolecular sporopollenin. At pres- 
ent, sporopollenin is generally considered to be a 
biopolymer and the chemical structure of sporopol- 
lenin is as yet unknown. Its empirical formula has 
been found to be C90H141027.19 In the experiments 
described here on the sorption of aromatic amines 
of a Co2+ loaded-ligand complex, the latter was pre- 
pared using the reaction of epichlorohydrine with 
bromoacetic acid. 

The primary objectives of this article were to 
present a speciality chelating polymer as a metal 
host for ligand-exchange processes involving aro- 
matic amines; to present convincing experimental 

aromatic amine ligands of interest toward this metal- 
loaded sorbent and also the preparation of other 
types new metal-ligand complexes of sporopollenin; 
and to utilize aromatic amines as sorbent in pollu- 
tion control and to obtain fundamental information 
for the application of sporopollenin. The objective 
also was to investigate through the measurements 
and analyses of sorption and stripping kinetics of 
single aromatic amines in a single-component so- 
lution on new ligand-exchanger resin. 

EXPERIMENTAL 

Materials 

The resin used was Lycopodium clavatum of a 20 
ym particle-size mesh from BDH. All chemicals were 
purchased from Merck and were reagent grade. 
Deionized water was used in preparing all solutions. 

Preparation of Carboxylated Epichlorohydrine- 
Sporopollenin ( CEP-Sporopollenin ) 

For epoxidation, a suspension of sporopollenin from 
L. clauatum was reacted with epichlorohydrine in 
2N NaOH under a N2 atmosphere according to an 
established procedure.20 The epoxidation of hydroxyl 
groups takes place on the polymer. The resulting 
product was treated with ammonia solution for de- 
noting the groups as -NH and -OH, at  room 
temperature. Then, the mixture was carboxylated 
with bromoacetic acid as a ligand exchanger (CEP- 
sporopollenin ) . This ligand-exchange resin was 
treated with a Co2+ ion which is fixed to the resin 
matrix. 

The modification reactions can be represented as 
follows: 

In the above equation, 0 indicates sporopollenin (L.  
clauatum). 

In the IR spectrum, the biopolymer was treated 
with epichlorohydrine, the characteristic absorp- 

~~ 

results exhibiting high-sorption affinities of some tion band was observed at  1255 cm-', and this band 
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Figure 1 The sorption rate of aromatic amines on CEP- 
sporopollenin: (A) p-chloroaniline; (0) p-toluidine; (+) p -  
nitroaniline; pH 6.6. 

disappeared when treated with ammonia solution. 
The IR spectrum of the chelating exchanger was 
different from that of the starting biopolymer and 
it showed a new band a t  1720 cm-’, which is the 
characteristic stretching vibration of the carbonyl 
group of the anchored functional group and also a 
broad absorption owing to the amino group in the 
range of 3400-3500 cm-’. 

Sorption Experiments 

The sorbent particles were packed between two lay- 
ers of glass wool. To  avoid air bubbles, the column 
was carefully packed under water. The aromatic 
amines were eluted through the column packed with 
CEP-sporopollenin, using buffers (between pH 
ranges 4.0-6.6) as the eluant. Tile flow rate was 1 
mL/min. The ligand concentration of amines was 
chosen to be approximately 2.3-5.5 mmol/L. The 
experiment was conducted at  room temperature. The 
flow of the solution was started a t  time t = 0 and 
samples of the effluent were recorded by a spectro- 
photometer (UV-160 A Shimadzu) a t  wavelength 
290 nm. The amount of sorbed ligand was calculated 
from the change in the ligand concentration in the 
effluent solution. The column was stripped after 
equilibrium with acetate or phosphate buffers and 
the amount of ligand retained in the sorbent was 
also determined by a spectrophotometer. Fresh sor- 
bent was used for the determining of breakthrough 
curves. The reported V, values were calculated by 
means of the independent runs. The control of pH 
was made with an Orion SA-720 pH meter by using 
a combined electrode. 

RESULTS AND DISCUSSION 

The rate of ion exchange was found to  be rather 
small compared with that of ordinary commercial 
resins. This has led us to  undertake the kinetic 
studies described below. 

Assuming that the ion-exchange reaction is first- 
order with respect to ligand concentration, the fol- 
lowing equation can be written: 

d[C1 - k [ C ]  
dt  

where [C]  and k represent the concentration of a 
ligand in the solution phase and rate constant, re- 
spectively. Integration of the equation gives 

where [ C],, and [ C ] , ,  are the concentrations a t  times 
tl and t P ,  respectively. According to eq. ( 2 ) ,  a plot 
of In [ C],,/ [ C ] , ,  against ( tz - t l )  should be a straight 
line having a slope of k .  In fact, each plot of our 
results is a straight line, as can be seen in Figure 1. 
The ion-exchange reactions were therefore first-or- 
der in respect to the ligand concentrations. As seen 
in Figure 2, the effect of pH on the ligand-exchange 
reaction rate is negligible in the studied pH ranges. 

Preliminary experiments were conducted in order 
to compare the sorption and stripping behavior of 
resins with respect to all aromatic ligands chosen 
for the study. The results are presented in Table I. 

The sorption of aromatic amines from aqueous 
solutions a t  a 5.5 mmol/L initial concent,ration in 
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Figure 2 Effect of pH on the sorption rate of aromatic 
amines: (A) p-chloroaniline; (0 )  p-toluidine; (+) p-ni- 
troaniline. 
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buffers (pH 4.0-6.6) onto CEP-sporopollenin was 
measured as a function of time on continuous col- 
umn runs. Such data are plotted in Figure 3 as the 
fractional attainment of equilibrium sorption as a 
function of time. I t  is seen that p-toluidine has a 
very high rate of initial sorption, being attained in 
100 s, and full equilibrium sorption, within 200 s, 
whereas p -chloroaniline and p -nitroaniline were 
about 300 s. The rate of attainment of equilibrium 
sorption of aromatic amines is seen to be nearly 
similar. 

A very fast initial sorption resulting in an almost 
instantaneous attainment of the bulk of the equi- 
librium sorption was followed immediately by a very 
slow rate of sorption. This suggests that the bulk of 
the sorption possibly takes place in a shallow outer 
layer of the resin bead with high diffusivity while 
inner layers contribute very little to the sorption. 

Depending on the concentration of the ligand, 
there are three alternative rate-determining steps 
when ligands bind to the ion-exchange resin. Early 
kinetic studies of ion exchange were summarized by 
Helfferich, who identified three separate stages: film 
diffusion, particle diffusion, and chemical reaction 
at  the fixed ionic groups.14 The differences in the 
conclusions concerning the rate-determining step in 
the literature show that kinetic studies of the ion- 
exchange process are difficult. Provided that the rate 
of exchange can be proved to be governed predom- 
inantly by the “particle diffusion” step, such mea- 
surements lead to values of the diffusion coefficient 
of the exchanging species. 

The establishment of ligand-exchange equilib- 
rium between the resin and the external solution 
depends on two basic processes: first, diffusion of 
mobile ligands, metal ions, and their complexes in 
solution, in the resin granules, and through the phase 
boundary, and, second, the exchange of ligands in 
the coordination sphere of the sorbed metal. A few 
publications devoted to  the study of the diffusion 
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Figure 3 Rate of sorption of (A) p-chloroaniline, (0) 
p-toluidine, and (+) p-nitroaniline on CEP-sporopollenin. 
Initial concentration of amines in feed 5.5 mmol/L. 

processes and the kinetics of ligand exchange in sta- 
tionary and sorption complexes have appeared in 
the literature.’l 

For particle diffusion-controlled ion-exchange 
processes, equilibrium sorption is a function of Dt/  
R 2 ,  where D is the diffusion coefficient of counter- 
ions in the resin; t ,  the time; and R ,  the particle 
radius. Therefore, the time required to attain any 
given conversion should be inversely proportional 
to the square of the radius, and it should be inde- 
pendent of other variables, such as concentration, 
From the result presented in Figure 5, it is seen that 
the rate of attainment of equilibrium sorption is 
practically independent of sorbate concentration in 
the external solution. The experimental data ob- 
tained from the present work were examined by the 
use of diffusion equations.2 This may be interpreted 
as indicating that particle diffusion is the rate-con- 
trolling step and film diffusion was not rate-con- 
trolling in the sorption processes under the condi- 
tions employed. 

Table I 
on CEP-Sporopollenin 

The Sorption, Stripping Behavior, and Particle Diffusion Coefficients of Aromatic Amines 

Ligand 
a 

PH % Sorption % Stripping (lo-’ cm2 s-‘) 

p-Chloroaniline 6.60 
4.05 

p-Toluidine 6.60 
4.05 

p-Nitroaniline 6.60 
4.05 

51.09 
47.45 
54.7 
49.09 
41.18 
36.60 

67.3 
56.05 
70.83 
60.37 
53.56 
49.25 

1.17 
0.574 
1.68 
0.797 
0.729 
0.234 
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A film diffusion-controlled ion-exchange experi- 
ment can be described with the following equation': 

3 k ( V C  + VC$ ( Rev U ( t )  = 1 - exp 

where U (  t )  is the fractional attainment of equilib- 
rium sorption at  time t ;  k, the mass transfer coef- 
ficient; v, the volume of the resin; V,  the volume of 
the solution; e, the ligand concentration in the resin; 
C, the ligand concentration in the solution; and R ,  
the radius of resin bead. If the sorption of ligand 
onto the resin were under film control, a graph of 
- In [ 1 - U (  t )  3 vs. t would be a straight line. Since 
this relation was not found to be the case, the ligand 
sorption may be considered to be not under film- 
diffusion control. On the other hand, particle dif- 
fusion gave a good fit to the data, indicating that 
particle diffusion is the rate-controlling step in the 
ligand-sorption process. 

The performance of the ligand exchanger in a 
continuous operation was studied by conducting 
column runs. Typical breakthrough curves obtained 
for aromatic amine sorption on the column packed 
with the resin are shown in Figure 4. Figures 4 and 
5 show typical breakthrough curves for aromatic 
amines obtained with the resin column and influent 
containing 5.5 mmol/L amines. 

The corresponding experimental kinetic inves- 
tigations were performed for aromatic amines as li- 
gands. Amines form complexes with a fairly high 
stability constant.'l It may be assumed that they are 
strongly held a t  the ligand-sorption sites to render 
them immobile in the particle phase. I t  may also be 
postulated that when a solution containing sorbate 
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Figure 5 Stripping of CEP-sporopollenin resin column 
loaded, respectively, with (A) p-chloroaniline, (0)  p-to- 
luidine, and (+) p-nitroaniline. Flow rate of stripping so- 
lution l mL/min. 

species is brought into contact with the ligand-sorp- 
tion resin the reaction of ligand sorption occurs a t  
the outer skin of the particle, the zone of reaction 
then moving into the solid, leaving behind a spent 
or saturated region.'l The sorbate molecules diffuse 
through the spent zone toward the inner core where 
further sorption takes place, but sorption takes place 
mostly a t  the ligand-sorption sites.'l Moreover, since 
the saturation sorption capacity of the resin is rather 
small, the resin particle size may be assumed to re- 
main unchanged with sorption. 

In conclusion, a minicolumn apparatus was used 
to  study the kinetics of ligand sorption of aromatic 
amines onto a metal-ligand exchanger of sporopol- 
lenin resin. It is shown that  the kinetic parameters 
measured on single-component experiments provide 
good prediction behavior. 
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