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ABSTRACT: Insoluble b-cyclodextrin (b-CD) polymers have been used for the recovery
of various organic pollutants from aqueous solutions. These resins have been prepared
by polymerization using epichlorohydrin (Epi) as a crosslinking agent. Several cross-
linked polymers with various degrees of b-CD were used. Several studies (time, concen-
tration, kinetics, and pH) are presented here. The results show that these sorbents
exhibit high sorption capacities toward substituted benzene derivatives. The mecha-
nism of sorption is both physical adsorption in the polymer network and/or the forma-
tion of an inclusion complex and/or the formation of hydrophobic guest–guest interac-
tions. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 68: 1973–1978, 1998

INTRODUCTION form inclusion complexes in solution or in the
solid state with organic molecules, especially aro-
matics, through host–guest interactions. The as-Benzene derivatives have been the subject of
sociation constants of the inclusion complexes de-much interest in recent years1–8 because of in-
pend on the size and polarity of the guest moleculecreasingly stringent restrictions on the organic
and its shape.9 Hence, b-CD complexation is acontent of industrial effluents. These toxic com-
procedure of choice for depollution techniques. Inpounds are the products of many industrial pro-
addition, insoluble polymers containing b-CDcesses and they may be found in trace quantities
have the capacity to form inclusion complexes. Wein industrial waste water. Therefore, it would be
have previously reported some immobilizationadvantageous to have adsorbent resins able to

eliminate them. b-Cyclodextrin (b-CD) is a torus- methods by which b-CD can be linked to silica
shaped cyclic oligosaccharide made up of seven a- beads10 and onto macroporous polymeric sup-
1,4-linked D-glucopyranose units with an internal ports.11 It was found that these materials exhibit
hydrophobic cavity. It is well known that this high sorption capacities toward phenolic com-
structure gives rise to a remarkable capacity to pounds.

In a recent work,1 we proposed the use of insol-
uble b-CD polymers as a heterogeneous system
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cyclodextrin (HP-b-CD) crosslinked by epichloro-
Journal of Applied Polymer Science, Vol. 68, 1973–1978 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/121973-06 hydrin (Epi) . The proposed mechanism for the

1973

5180/ 8E45$$5180 03-25-98 13:16:55 polaa W: Poly Applied



1974 CRINI ET AL.

Table I Experimental Conditions and Amount Methods
of b-CD Polymers Incorporated

The sorption capacities of the polymers were de-into the Materials
termined by the following two techniques. The
first is the batch method. Fifteen mg of the sor-T Time
bent was mixed with 5 mL of an aqueous solutionPolymer Epia (7C) (h) NaOHaqb b-CDc

of the pollutant compound (concentration 5r1004M)
Polymer 1 10 50 2 50 290 in a stopped flask that was shaken at room tem-
Polymer 2 15 50 2 50 310 perature. The residual concentration of the or-
Polymer 3 17 50 5 23 700 ganic solute was determined by spectrophotome-
Polymer 4 20 50 2 50 200 try and the sorption capacity calculated. All solu-
Polymer 5 20 50 24 50 420 tions were filtered before measurements (0.47-mm
Polymer 6 20 50 8 50 150

Millipore filters). The second technique involvedPolymer 7 30 80 2 50 110
the use of open and recycling columns. For thePolymer 8 59 22 24 23 800
open system, we used the following equipment:

a In molar ratio of Epi/CD. two tanks, one for the solvent and the other for the
b % in w/w. sample; a peristaltic pump; a two-way collector; ac From spectrophotometric method, in mg/g.

1-mL column; and a fraction collector. The column
was filled with 50 mg of polymer 4. Initially, the
column was eluted using only water until the flowsorption of dyes on polymers is both physical ad-
rate became constant. Then, a water solution con-sorption in the polymer network and/or the for-
taining the pollutant at the concentration ofmation of a host–guest inclusion complex. In this
5r1004M was passed through the column for vari-article, we propose the use of the same b-CD poly-
ous times. For the recycling system column, themers for the sorption of aromatic pollutants. The
experimental conditions are the following: con-influence of several parameters (time, concentra-
centration of 5r1004M in water for b-napthol;tion, kinetics, and pH) on the sorption capacity of
flow rate of 1.5 mL/min; and a column filled withthese insoluble polymers with respect to organic
50 mg of polymer 4 (8.8 mmol of b-CD). A fixedcompounds is evaluated.
volume (10 mL) of the solution was eluted
through the column many times over a period of
about 400 min. The sorption capacity of the poly-
mers in these two types of experiments were ob-EXPERIMENTAL
tained by UV analysis of the eluted solutions at
fixed times.Materials

The sorption capacity of the polymers was in-
b-CD supplied by Janssen Chimica (Beerse, Bel- vestigated using phenol (P), p-nitrophenol (pNP),
gium) was recrystallized from water and dried benzoic acid (BA), p-nitrobenzoic acid (pNBA), b-
overnight under vacuum at 1007C. Other com- napthol (BN), and chlorophenols (ClP) as model
pounds were purchased from various suppliers guest compounds. We also tested 4-tert-butylbenzoic
and were used without further purification. acid (TBBA), because this compound, according to

the high value of the association constant calculated
by Wenz12 by microcalorimetry, forms a very stable

Procedure for the Cyclodextrin Polymer complex with b-CD in solution. Several parameters
(time, concentration, kinetics, pH) were studied us-

Insoluble polymers containing b-CD were pre- ing polymer 4 which contained 200 mg of b-CD (176
pared by polymerization in the presence of Epi as

mmol) per g of sorbent (see Table I).
a crosslinking agent to obtain insoluble cyclodex-
trin polymers. Details of the materials and the
synthetic procedure have already been described.1 RESULTS AND DISCUSSION
A series of polymers were prepared with different
molar ratios of Epi/CD, temperature, time, and Batch Experiments
solvent. The experimental conditions are summa-

Kinetics of Pollutant Sorptionrized in Table I. The materials used have different
b-CD content (ranging from 20 to 80% w/w) as Figure 1 shows the sorption capacity of polymer 4

versus the stirring time toward different aromaticdescribed in Table I.
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Figure 1 Kinetics of sorption capacity (in mmol/g) of several pollutants by the CD
polymer (polymer 4; concentration 5r1004 mol/L).

compounds. The maximum capacity is obtained TBBA was found to be insufficiently soluble in
water at a concentration of 5r1004M, and theafter 2 h for all the solutes studied. For the next

experiments, 4 h is sufficient for reaching the pla- comparison with the other compounds was carried
out at 5r1005M. The order of the sorption capac-teau. The results also show that the order of the

adsorption capacity for the pollutants examined ity for the pollutants (BN, pNP, P, and TBBA)
examined in water with a starting concentrationin an aqueous solution with a starting concentra-

tion of 5r1004M is the following: BNú pNPú BA of 5r1005M and 4 h of stirring time is the follow-
ing: BN (14.4 mmol/g) ú pNP (9.3 mmol/g)ú P. The sorption is much greater in the case

of aromatic compounds which present compatible ú TBBA (7.7 mmol/g) ú P (4.6 mmol/g). The
size, steric arrangement, and hydrophobicity with
the b-CD: This point will be discussed later. In
addition, it is well known that BN13 and pNP14

form stable complexes with b-CD; on the other
hand, P9 forms a less stable inclusion complex.
We found similar results with polymer 8 which
contains 800 mg of b-CD per g of resin. The trend
of the curves is the same and the quantity of each
pollutant adsorbed is significant. We can assume
that the formation of an inclusion complex is in-
volved in the mechanism of sorption.

Figure 2 shows the sorption capacity of polymer
4 versus the starting concentration of pollutants
using a contact time of 4 h. The quantity of the
polymer was kept constant while the molar con-
centration of the guest molecule was varied be-
tween 1005 and 1003M, corresponding to a molar
ratio of guest/CD between 0.094 and 1.887. The
quantity of the retained compound depends on the
concentration of the aqueous solution. The trend
of the curves reflects the affinity of the guest
compound for the material. Using other poly-
mers, we found similar trends for the curves. Figure 2 Capacity (in mmol/g) versus starting con-
The sorption capacity increases with an increas- centration of the pollutants in water (polymer 4; time

4 h).ing amount of b-CD.
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value of the sorption capacity of TBBA is lower
than that of pNP and BN although the association
constant (K ) between TBBA12 (K Å 104M01) and
b-CD is significantly higher than for pNP14 (K
Å 1020M01) and BN13 (K Å 50M01 at pH 11).
This can be explained by the fact that not only
does b-CD play an important role in the sorption
mechanism, but there are also other interactions,
probably physical adsorption and/or hydrogen
bond interactions, due to the crosslinked agent,
and/or hydrophobic guest–guest interactions.

Influence of the pH on the Sorption Capacity

To evaluate the influence of the pH on the affinity
of the pollutants for polymer 4 and to clarify the
role of different factors which take place in the

Figure 3 Comparison between sorption capacity (insorption mechanism, tests were carried out in
mmol/g) of several pollutants by the CD polymer inbuffer solutions at pH 2, 6, and 11. First, the in-
water and at pH 11 (polymer 4; time 4 h; concentrationfluence of the pH on the sorption capacity of poly-
5r1004 mol/L).mer 4 versus the starting concentration of the BN

compound using a contact time of 4 h was studied
(figure not shown). The range of concentration ity was greater than that of BN. Other resultswas between 5r1005 and 5r1004M. This guest obtained for 2,4,6-chlorophenol are similar towas dissolved in each buffer solution. The trend those of TBBA. Chlorophenols, insoluble mole-of the curves are the same as those obtained in cules in water, exhibit high sorption at pH 11 us-water. The quantity of the retained guest increases ing these systems.with the concentration of its buffer solutions. The
results obtained at pH 2 and 6 and in water are Influence of the b-CD Content on thevery similar but are different from those obtained Sorption Capacityat pH 11, which show significantly weaker interac-
tions. For example, the values of the sorption capac- The polymers can be divided in two groups: those

having low (300 mg/g) and high (600 mg/g) b-ity for BN with a concentration of 5r1004M are the
following: 102, 107, 91, and 46 mmol/g at pH 2 and CD content. Table II shows the influence of the b-

CD content on the sorption capacity using several6, water, and pH 11, respectively. Similar results
were obtained with pNP. pollutants in water and at pH 11. These results

show that the behavior of the first group (poly-In Figure 3, we observe for all guest compounds
an important decrease in the sorbed quantity at mers 1, 2, and 4) of materials is similar and the

very high sorption capacity in water does not seempH 11: This reflects the fact that the inclusion
complex with b-CD and aromatic derivatives are to be correlated with the quantity of b-CD. For

example, we found for the first group a sorptionless stable in basic than in neutral or acidic me-
dium.9 We also note that in these basic conditions capacity for pNP and BN of about 66 and 105

mmol/g, respectively. The second group (polymersthe decreasing order of their affinities is as fol-
lows: TBBA ú 2,4,6 ClP ú pNP ú BN ú pNBA 3 and 8) show a sorption capacity which seems to

better reflect the possible association constants ofú P ú BA. The results found at pH 11 are in
better agreement with the association constants the complexes between the b-CD and the guest.

For BN, we found 70 mmol/g using polymer 8 (800between the guests and the b-CD than those in
neutral water. On the other hand, we observe that mg of b-CD per g) and 120 mmol/g using polymer

3 (700 mg of b-CD per g), and for pNP, we foundat pH 2 and 6 the results are very similar to those
obtained in water. These results can be explained 91 mmol/g using polymer 8 and 63 mmol/g using

polymer 3: This can be explained by more exten-by the different ionization degree of the guest
upon the various pH used. It is interesting to note sive reticulation in polymer 8 than in polymer 3 or

by minor physical adsorption due to the polymerthat an important increase of the sorption at pH
11 was observed for TBBA and the sorption capac- network introduced by the Epi. Figure 4 shows
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Table II Influence of b-CD Content on the Sorption Capacity (in mmol/g) of Several Compounds by
CD Polymers in Water and at pH 11 (Time 4 h)

Polymers b-CDa Pb pNPb BNb CIPc 2,4CIPc 2,4,6CIPc

Polymer 4 176 24.5 65.5 105.0 41.6 28.9 31.9
Polymer 1 255 24.6 60.0 104.3 55.3 32.1 38.5
Polymer 2 273 26 66 106.2 19.5 30.8 32.8
Polymer 3 617 43.4 63.0 120.0 20.9 62.8 68.5
Polymer 8 705 32.2 91.0 170.0 16.6 53.5 62.5

a In mmol/g.
b In water; concentration 5r1004M.
c At pH 11; concentration 1.5r1004M.

that the sorption capacity for the chlorophenolic introduced by Epi. In this study, we present only
the results obtained using BN. As describedcompounds at pH 11 increases with the amount

of b-CD present in the different polymers. This above, this compound exhibits the best interaction
with these sorbents. The sorption capacity of theconfirms the fact that in this case the action of b-

CD is predominant. polymer was found to be independent of the flow
rate used in the range between 1 and 2.5 mL/
min. Table III shows that when the elution time

Column Setup increases the amount of BN adsorbed increases,
as expected. It is interesting to note that the quan-In a second kind of experiment, we used open and

recycling columns. We tried to saturate the poly- tity sorbed is always higher than the content of
b-CD (176 mmol per g of polymer) present. Thismer using a significant amount of solution con-

taining the aromatic compound. The aim was to is a confirmation that the material participates in
the complexation. This excess can also be ex-confirm that not only does b-CD play a role in the

sorption, but so also does the polymer network plained by the presence of guest–guest (hy-
drophobic) interactions which cause an accumula-
tion of the pollutant at the surface of the resin. It
is possible in this case to regenerate the polymer
using several washes with water, but we observed
that only 30% of the adsorbed BN was removed
whatever the quantity of water used. This is an-
other confirmation of the existence of strong inter-
actions between BN and the polymer network. For
the complete regeneration of the material, it is
necessary to use a mixture of water and ethanol.

For the recycling columns, we used different
amounts of polymer 4 with the intention to obtain
different ratios between b-CD and the amount of

Table III Evaluation of Sorption Capacity by
Polymer Using an Open Column

Elution Amount of Amount of
Timea BN Elutedb BN Adsorbedb

60 900 380
120 1800 460
180 2700 580

Figure 4 Influence of the b-CD content on the sorp-
tion capacity (in mmol/g) of chlorophenols by CD poly- a In min.

b In mmol per g of sorbent.mers at pH 11 (time 4 h; concentration 1004 mol/L).
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Table IV Evaluation of Sorption Capacity by the fact that the sorption mechanism involves
Polymer Using a Continuous Column both inclusion complex formation and physical ad-

sorption.
Amount of Amount of %

BN/CDa Polymerb BN Elutedc BN Sorbedc Rd
We gratefully acknowledge the financial support of the
European Union through the FAIR program, No. CT

0.5/1 56.75 88 72 82 95 0300. We thank Prof. B. Casu and Dr. E. A. Yates
1/1 28.37 176 137 78 of the Ronzoni Institute (Italy) for their critical reading
2/1 14.19 352 295 83 of the manuscript.
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