
Vol.:(0123456789)1 3

Journal of Polymers and the Environment (2022) 30:1189–1198 
https://doi.org/10.1007/s10924-021-02259-3

ORIGINAL PAPER

Removal of Cresols From Water by Packed Beds of Cyclodextrin‑Based 
Hydrogels

Francisco J. Peñas1  · Ana Romo1 · José R. Isasi1

Accepted: 3 August 2021 / Published online: 26 August 2021 
© The Author(s) 2021

Abstract
A cyclodextrin-based polymer was prepared by crosslinking β-cyclodextrin with epichlorohydrin to be assessed as a sorb-
ent material for cresols in packed-bed columns. Both Langmuir and Freundlich isotherms were appropriate to describe the 
sorption equilibrium in the conditions tested, and the thermodynamic parameters obtained for this process confirmed its 
exothermic nature with similar enthalpies (between − 6.8 and − 8.3 kJ/mol) for the three isomers. The removal of cresols from 
water was carried out in nine cycles of sorption–desorption in fixed-column experiments with the cyclodextrin hydrogel, 
achieving sorption capacities of 6.2, 11.6, and 15.1 mg/g for o-, m-, p-cresol, respectively. These differences in sorption 
capacities are due to the different chemical structures of cresols, that is, the relative position of the methyl and hydroxyl 
groups. However, similar sorption rates were observed for each isomer, with a mean value of 0.10 mg-cresol g-CDP–1  min–1 
in all cases. The experimental data for the breakthrough and the elution curves have been successfully modeled by two 
effective two-parameter equations, a dose–response model for the sorption step and a pulse-peak model for the regeneration 
step. The cyclodextrin polymer matrix has been proven to be an effective a good sorbent material for removing cresols from 
water, exhibiting remarkable reusability performance and structural stability throughout the successive elution steps carried 
out with methanol.

Keywords Cresol · Cyclodextrin polymer · Adsorption · Thermodynamic parameters · Breakthrough curve · Elution curve · 
Kinetic modeling

Introduction

Adsorption is a mass transfer operation, included among 
the advanced (or tertiary) treatment technologies, applied 
to wastewater treatment and water purification usually to 
remove refractory pollutants. Through adsorption, certain 
constituents in the aqueous phase are transferred to the solid 
interface where they are retained, thus improving effluent 
quality. Therefore, the development of more selective adsor-
bents with high sorption capacities and good reusability 
properties is a matter of interest [1].

In particular, cyclodextrin-based hydrogels are synthetic 
polymeric adsorbents that have been extensively tested for 
this purpose [2–4]. Cyclodextrins (CDs) are cyclic oligo-
saccharides with already recognized capability as sorbents 

due to their amphiphilic nature by presenting a structure 
with a relatively hydrophobic cavity and hydrophilic edges. 
This makes CDs potentially useful for selective removal con-
taminants from water. On the other hand, given their high 
solubility in water, CDs are cross-linked into water-insoluble 
cyclodextrin-based polymers (CDPs) to enhance their usa-
bility for water treatment. For instance, taking advantage 
of the good sorption properties of CDs to dampen inhibi-
tory effects by shock-loading events, CDP hydrogels have 
also been used as carrier particles for attached-growth of 
phenol-degrading bacteria in bioreactors [5, 6]. The uses of 
cyclodextrin crosslinked polymers as sorbents of aromatic 
compounds have been known for years [4, 7] and their appli-
cation to the treatment of phenolic resin plant wastewaters 
has also been previously reported [8]. Recently an excelent 
review on recent developments of cyclodextrin-based mate-
rials has been published [9]. However, most studies refer to 
batch applications, but relatively few addressing the reus-
ability of CDPs in adsorbers with continuous influent flow 
[10]. Even though some other affordable materials, such as 
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coconut charcoal, might show a better adsorption perfor-
mance, this investigation demonstrates that these hydrogel 
sorbents are stable through successive sorption–desorption 
cycles.

The present work addresses the performance of a CDP 
applied for the removal of cresols from water in several 
cycles of sorption–desorption in fixed-column experiments. 
Cresols are methylated derivatives of phenol which include 
three isomers: 2-methylphenol (ortho-cresol, o-cresol), 
3-methylphenol (meta-, m-), and 4-methylphenol (para-, 
p-). As other phenolic compounds, cresols are extensively 
used as organic reagents in different manufacturing indus-
tries, and their discharge to the aquatic environment is a mat-
ter of concern [11]. The breakthrough curves measured for 
each isomer are well described by a dose–response model, 
whereas a pulse-peak model fits adequately the correspond-
ing regeneration profiles obtained by elution with metha-
nol. In addition, the sorption equilibrium data of o-, m- and 
p-cresol on the CDP have been fitted to the Freundlich and 
Langmuir isotherm models and the thermodynamic param-
eters of these processes have been calculated.

Materials and Methods

Reagents and Analytical Methods

β-Cyclodextrin (99%) was supplied by Roquette-Laisa 
(Spain). Epichlorohydrin (99%), o-cresol (99%), m-cresol 
(99%), p-cresol (99%) and sodium hydroxide (97%) were 
provided by Sigma-Aldrich (Germany). Solvent-grade 
methanol (99.5%) was purchased from Panreac (Spain), and 
HPLC-grade methanol (99.99%) was from Scharlau (Spain). 
Sodium tetrahydroborate (96%) and paraffin oil were also 
from Panreac (Spain). All reagents were used as received.

Cresols were determined by UV–vis spectrophotometry 
(HP 8452A, USA) using a diode-array detector. Absorbance 
measurements were made at 270, 272, and 278 nm for o-, 
m- and p-cresol, respectively.

Sorbent

A cyclodextrin-based polymer (CDP) was tested as a sorb-
ent for o-, m- and p-cresol in packed-bed experiments. 
Practically spherical particles of CDP hydrogel were pre-
pared by oil–water suspension polymerization, using a 
CD:epichlorohydrin molar ratio of 11:1 (feed basis), accord-
ing to method described by Romo et al. [12]. The swelling 
capacity of CDP was 5.1 g-water/g-dry gel, whereas a com-
position of 58.0 wt.% of cyclodextrin (measured by CHN 
elemental analysis). Previous characterization of this CDP 
hydrogel gave a swollen particle density of 1055 g/L, that is, 
a bulk density of 765 g/L for a bed voidage of 27.5% [10]. 

The CDP beads were wet sieved to separate the fraction used 
in this study, with a particle size range of 1.00–1.25 mm.

Sorption Isotherms

Batch experiments at natural pH (about 6.6) were carried out 
to determine the sorption isotherms of the three cresols by 
CDP at 15, 25, 35 and 45 °C. To this end, known amounts 
of dry CDP particles (from 20 to 250 mg) were added to 
50 mL of aqueous solutions of cresols with different ini-
tial concentrations. Amber glass bottles (Supelco, 2 fl oz, 
USA) with septum-sealed caps (Supelco, Mininert valve, 
USA) were used. The systems were kept stirred for 3 h (Velp 
Scientifica, Multistirrer 15, Italy) inside a 150-L insulated 
chamber with forced-air heating and temperature control 
(Crouzet, CTD43, France). Preliminary kinetic tests (data 
not showed) indicated that equilibrium was achieved in less 
than one hour in all cases.

Once equilibrium was reached, the remaining cresol was 
analyzed in each supernatant, and the sortion capacity (q) 
calculated as follows:

where V was the volume of aqueous solution, WCDP the dry 
weight of sorbent, and C0 and C* the initial and equilibrium 
concentrations of cresol, respectively.

Experimental data were then fitted (OriginLab Corp, 
OriginPro 8.5, USA) to the isotherm models of Freundlich 
and Langmuir (Eqs. 2 and 3, respectively).

where KF and n were the parameters of Freundlich isotherm, 
and KL and qM the Langmuir ones.

From the relationship between equilibrium and thermo-
dynamics, the sorption equilibrium constant (KS, dimension-
less) can be expressed as follows:

where ρW is water density at each temperature. Hence, 
experimental data were fitted to Eq. (4) to determine the 
sorption thermodynamic parameters for each sorbate: 
enthalpy (ΔH0), entropy (ΔS0), and free energy (ΔG0).

Sorption–desorption experiments

Three packed bed columns (Supelco, Omnifit 15-mm glass 
column, USA) were operated in an isothermal chamber 
at 25 ± 1 ºC. Each column was filled with 1.700 ± 0.002 g 

(1)q = V
(

C0−C ∗
)

∕WCDP

(2)q = KFC ∗1∕n

(3)q = KLqMC ∗ ∕
(

1 + KLC ∗
)

(4)
lnKS = ln

(

�Wq∕C ∗
)

= −ΔG0∕RT = −ΔH0∕RT + ΔS0∕R
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of hydrogel (dry basis), which yielded a bed height of 
about 75 mm after swelling of CDP beads (bulk density 
765 g-swollen gel/L, bed voidage 0.275). A previous prepa-
ration of the each bed was carried out by flowing deionized 
water through the columns to allow the equilibrium swell-
ing of CDP particles. Separate stock solutions (1.0 mmol/L) 
were used as influent feed, one for each cresol and column. 
Each so-prepared influent was delivered by a multichan-
nel peristaltic pump (Masterflex L/S Cole Palmer, USA) at 
a flow rate of 2.60 mL/min (i.e. hydraulic residence time 
5.10 min) through each bed. The experiments were per-
formed at the natural pH of the cresol solutions. In each 
operating cycle, once sorbent saturation was achieved, beds 
were regenerated by elution with methanol at a flow-rate 
of 2.60 mL/min. Methanol had already shown better per-
formance than ethanol and isopropanol in the regeneration 
of phenol-saturated CDP beds [10]. Effluent samples were 
periodically collected from each column and stored in glass 
vials until further analysis.

Modeling of breakthrough and elution curves

The breakthrough and elution profiles were described as a 
function of time (t) by a dose–response curve (Eq. 5) and a 
pulse-peak model (Eq. 6), respectively.

being C the concentration of cresol in the effluent; C0 the 
concentration at time zero; t1/2 the time needed for C to 
become equal to C0/2; b the sharpness coefficient; and k, 
c and d are fitting parameters. Therefore, a two-parameter 
equation is assumed for breakthrough curves, and a three-
parameter model for regeneration curves. However, consid-
ering the mass conservation law for both steps of adsorption 
(Eq. 7) and desorption (Eq. 8), a boundary condition can be 
applied to fix k so that Eq. (6) finally has two independent 
adjustable parameters (c and d).

where W1 and W2 are the amounts of cresol adsorbed and 
desorbed, respectively; and Q1 and Q2 the influent and elu-
tant flow rates, respectively.

The quality of the proposed models was assessed by 
multiple nonlinear regression analysis by minimizing the 

(5)C0∕C = 1 +
(

t1∕2∕t
)b

(6)C∕C0 = k exp (−ct)
[

1− exp
(

−dt2
)]

(7)W1 = Q1 ∫
∞

0

(C0 − C) dt = C0 t
b
1∕2

Q1 ∫
∞

0

dt

tb + tb
1∕2

(8)

W2 = k Q2 C0

{

1

c
+

1

2

√

�

d
exp

(

c2

4 d

)

[

erf
(

c

2 d0.5

)

− 1
]

residuals between the experimental and predicted values. 
The standard errors of the estimate (SSE) were calculated 
according to:

where N is the number of data used (in fact, N – 2 repre-
sents the number of degrees of freedom for each analysis 
model). A detailed description of the modeling approach 
can be found in Peñas et al. [10].

Results and Discussion

Sorption isotherms

The Freundlich and Langmuir isotherms (Eqs. 2 and 3, 
respectively), the most-widely used models, were employed 
to describe the sorption equilibrium data of cresols onto the 
CDP beads. The best-fitted parameters obtained in the batch 
assays are listed in Table 1 for both models, and the stand-
ard errors of the estimate (SSE) have also been included 
for comparison. Standard errors are indicated in parenthe-
ses where applicable. In general, a very acceptable fit was 
obtained with both models. Interestingly, Rekharsky and 
Inoue [13] reported virtually equal values for the inclusion 
complexation of p-cresol with β-cyclodextrin (1:1 molar 
ratio) at 25 °C.

As representative examples, Fig. 1 shows the experimen-
tal equilibrium data from the batch sorption experiments at 
the two lowest temperatures assayed (15 and 25 °C). The 
respective solid curves were calculated by applying the cor-
responding isotherm models (Eq. 2 and 3, respectively), and 
are included to illustrate the quality of the fit. The same trend 
was observed for the other temperatures. For each individual 
cresol, a joint representation of the four isotherms leads to a 
confusing graph, with data points very close to each other, 
so this type of graph has been omitted.

The Langmuir parameter qM represents the theoreti-
cal maximum amount of sorbate per unit mass of sorb-
ent forming a complete monolayer, and is related to the 
maximum sorption capacity of the solid. As observed, for 
each temperature in the tested conditions, this maximum 
capacity was higher with p-cresol than with m-cresol, and 
this in turn was higher than that of o-cresol. According to 
our experimental results (not shown), the β-CD/cresols 
interaction constants at 25 °C (values in L/mol) vary in 
the order: Ko-cresol (400) > Kp-cresol (200) > Km-cresol (125). 
Nevertheless, in addition to the host–guest inclusion com-
plexation, these sorbates can also establish other inter-
actions with the crosslinked networks. Thus, it is shown 
that there is some synergistic behaviour when both are 

(9)SSE =
[

∑
(

Ycalculated−Yexp erimental
)2
∕(N− 2)

]1∕2
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considered. As is well known, aromatic molecules and 
residues can be encapsulated within cyclodextrin rings. 
For instance, the formation of a host–guest inclusion 

complex between m-cresol into the hydrophobic cavity of 
β-CD with 1:1 stoichiometry has been recently confirmed 
by several experimental techniques [14]. Nevertheless, the 

Table 1  Isotherm parameters 
for Freundlich and Langmuir 
models for adsorption 
equilibrium data of cresols onto 
the CDP matrix

o-Cresol 15 °C 25 °C 35 °C 45 °C

KF  (mg1–1/n  L–n  g–1) 0.248 (0.012) 0.190 (0.038) 0.231 (0.023) 0.175 (0.019)
n 1.21 (0.03) 1.19 (0.10) 1.21 (0.05) 1.18 (0.05)
SSEFreundlich (mg  g–1) 0.0479 0.1429 0.0926 0.0837
R2

Freundlich 0.9982 0.9742 0.9891 0.9904
KL ×  103 (L  mg–1) 17.9 (2.5) 13.2 (7.3) 23.9 (5.4) 21.1 (6.9)
qM (mg  g–1) 11.2 (1.2) 11.4 (5.2) 8.25 (1.34) 7.42 (1.77)
SSELangmuir (mg  g–1) 0.0520 0.1151 0.0870 0.1135
R2

Langmuir 0.9979 0.9833 0.9904 0.9824
m-Cresol 15 °C 25 °C 35 °C 45 °C
KF  (mg1–1/n  L–n  g–1) 0.253 (0.033) 0.253 (0.022) 0.213 (0.038) 0.270 (0.049)
n 1.17 (0.06) 1.18 (0.04) 1.18 (0.09) 1.27 (0.11)
SSEFreundlich (mg  g–1) 0.1392 0.0961 0.1393 0.1275
R2

Freundlich 0.9902 0.9938 0.9848 0.9841
KL ×  103 (L  mg–1) 18.9 (5.5) 18.1 (4.5) 19.4 (7.2) 25.6 (15.1)
qM(mgg–1) 12.5 (2.7) 12.1 (2.3) 10.0 (2.8) 8.04 (3.34)
SSELangmuir (mg  g–1) 0.1339 0.1058 0.1147 0.1650
R2

Langmuir 0.9909 0.9924 0.9896 0.9733
p-Cresol 15 °C 25 °C 35 °C 45 °C
KF  (mg1–1/n  L–n  g–1) 0.316 (0.024) 0.399 (0.020) 0.412 (0.050) 0.288 (0.031)
n 1.06 (0.04) 1.21 (0.03) 1.26 (0.08) 1.22 (0.07)
SSEFreundlich (mg  g–1) 0.0894 0.0686 0.1577 0.0854
R2

Freundlich 0.9956 0.9960 0.9810 0.9925
KL ×  103  (Lmg–1) 27.3 (8.4) 26.3 (7.1) 28.9 (13.4) 26.4 (7.5)
qM  (mgg–1) 13.2 (3.2) 13.0 (2.8) 11.6 (4.1) 9.42 (2.06)
SSELangmuir (mg  g–1) 0.1234 0.1023 0.1822 0.0787
R2

Langmuir 0.9916 0.9911 0.9746 0.9937

Fig. 1  Experimental data and 
calculated isotherms for sorp-
tion equilibrium of cresols onto 
the CDP matrix: a Freundlich 
model at 15 °C, b Langmuir 
model at 25 °C
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interactions of such phenolic sorbates with the hydrogel 
crosslinked networks (also known as ‘secondary’ cavi-
ties) by means of hydrogen bonding cannot be discarded 
either [15]. The decreasing trend in the qM values with rise 
in temperature is consistent with the exothermic nature 
of the sorption process of cresols onto CDP matrices 
[15]. Likewise, the sorption thermodynamic parameters 
obtained from Eq. (4), summarized in Table 2, confirm the 
spontaneity of this process and also its exothermic nature. 
As observed, the corresponding values are very close to 
each other, showing few differences between them. These 
results are quantitatively similar to those reported for the 
adsorption of cresols on polymeric resin adsorbents [16].

Sorption Experiments

The experimental data for the breakthrough curves obtained 
for the sorption of cresols onto the CDP beds were satisfac-
torily fitted to the dose–response model. The correspond-
ing fitting parameters are listed in Table 3 for the nine 
cycles performed for each cresol. In addition, the amount 
of retained sorbate is obtained from Eq. (7). As observed, 
acceptable fit to Eq. (5) was achieved in all systems (calcu-
lated determination coefficients,  R2 > 0.99).

As a thumb rule, for each cresol, the fitting parameters 
(t1/2 and b) exhibited a slight decreasing trend as cycle 
number increases. The calculated t1/2 values for o-cresol 

Table 2  Thermodynamic 
parameters for the adsorption of 
cresols on the CDP matrix

Sorbate ΔH° (kJ  mol–1) ΔS° (J 
 mol–1  K–1)

ΔG° (kJ  mol–1) SSE (mol  g–1) R2

15 °C 25 °C 35 °C 45 °C

o-Cresol –7.20 16.6 –12.0 –12.2 –12.3 –12.5 1.53·10–6 0.9714
m-Cresol –6.75 19.6 –12.4 –12.6 –12.8 –13.0 1.69·10–6 0.9737
p-Cresol –8.31 18.1 –13.5 –13.7 –13.9 –14.1 1.81·10–6 0.9716

Table 3  Fitting parameters of 
breakthrough curves (test runs 
1 to 9) of cresols on the CDP 
matrix

oC o-cresol, mC m-cresol, pC p-cresol

Run C0 (mg/L) t1/2 (min) b (-) W1 (mg) SSE (-) R2

oC1 106.7 32.07 3.083 10.6 0.0274 0.9955
oC2 108.5 31.75 3.048 10.8 0.0250 0.9960
oC3 106.3 30.67 2.805 10.5 0.0174 0.9979
oC4 105.4 30.50 2.802 10.4 0.0208 0.9968
oC5 105.4 29.70 2.609 10.5 0.0301 0.9930
oC6 109.2 30.51 2.969 10.5 0.0224 0.9967
oC7 108.1 29.83 2.726 10.7 0.0171 0.9979
oC8 108.1 30.29 2.849 10.5 0.0137 0.9986
oC9 109.7 30.43 2.792 10.7 0.0197 0.9970
mC1 112.5 59.75 3.309 20.4 0.0271 0.9942
mC2 113.9 58.82 3.308 20.3 0.0186 0.9975
mC3 112.6 60.14 3.372 20.4 0.0212 0.9969
mC4 111.8 59.60 3.329 20.2 0.0234 0.9961
mC5 107.0 60.63 3.366 19.6 0.0251 0.9957
mC6 105.3 60.77 3.474 19.1 0.0202 0.9973
mC7 106.7 59.97 3.350 19.3 0.0294 0.9945
mC8 107.2 60.13 3.197 19.8 0.0184 0.9976
mC9 105.9 58.30 3.185 18.9 0.0270 0.9948
pC1 110.2 77.16 3.082 26.4 0.0227 0.9949
pC2 103.4 79.25 2.684 26.9 0.0233 0.9947
pC3 103.4 80.40 2.623 27.6 0.0236 0.9946
pC4 105.6 77.22 2.760 26.5 0.0187 0.9972
pC5 105.6 71.65 2.688 24.9 0.0058 0.9997
pC6 107.7 69.27 2.623 24.8 0.0076 0.9996
pC7 104.2 66.70 2.290 24.9 0.0130 0.9986
pC8 107.8 63.76 2.262 24.8 0.0186 0.9968
pC9 107.8 63.82 2.237 24.9 0.0138 0.9984
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(average 30.6 ± 0.8 min) were significantly lower than 
those for m-cresol (59.6 ± 0.8 min) and these in turn lower 
than those for p-cresol (72.1 ± 6.5 min). This implies that 
the CDP matrix becomes saturated first with o-cresol, then 
with m-cresol, and finally with p-cresol. However, this 
does not mean that the sorption kinetics become faster for 
the former or, consequently, slower for the latter. It should 
be noted that the amounts sorbed in each cycle were low 
for o-cresol (average 10.6 ± 0.1 mg), medium for m-cresol 
(19.8 ± 0.6 mg), and higher for p-cresol (25.7 ± 1.1 mg). 
Thus, the average sorption capacities of the isomers in 
these experimental conditions were 6.2 ± 0.1  mg/g-
CDP for o-cresol, 11.6 ± 0.3  mg/g for m-cresol, and 
15.1 ± 0.6 mg/g for p-cresol. In fact, keeping in mind that 
t1/2 represents the half time to reach sorbent saturation, the 
average sorption rate (estimated as ½ Wads t1/2

–1) reached 
a very similar value in the three cases (0.172, 0.166, and 
0.178 mg/min for o-, m-, and p-cresol, respectively). In 
other words, a strong correlation between t1/2 and Wads was 
found  (R2 = 0.9888). This can be explained by consider-
ing that the isomers present practically the same molecu-
lar volume, 0.1088 ± 0.0003  nm3 [17], and the available 
sorption sites of the CDP bed do not change during the 
experiments. Therefore, once the most accessible external 
sites are occupied, molecular diffusion through the CDP 
matrix is easier for p-cresol than for o-cresol due to their 
respective molecular structures (the relative position of 
methyl and hydroxyl groups) and, at the same time, more 
sites are suitable for the sorption. Note that the effective 
diameters of cresols are of the same order (slightly higher) 
than that of β-CD cavities.

Representative examples of the experimental data and the 
predicted breakthrough curves (calculated from Eq. 5) are 
shown in Fig. 2. No significant differences were observed 
from test run 1 to 9 with each sorbate used. The good reusa-
bility of the CDP sorbent is evidenced for m-cresol (Fig. 2a) 
with three different sorption cycles (test runs 1, 5, and 9). 
The effect of the sorbent–sorbate interaction is visualized 
(Fig. 2b) for the same operating cycle (test run 3). Simi-
lar trends were found for each cresol and for each test run 
performed.

There is relatively few research on sorption of cresols in 
fixed-bed columns. A comparative of maximum sorption 
capacities for several adsorbents towards cresols is listed in 
Table 4. All of the references included, except that concern-
ing this study, were performed in batch systems. It can be 
observed that large differences are found in the experimental 
conditions applied by each case. Likewise, El Naas et al. [33] 
reported adsorption capacities up to 63 mg of total phenols 
per gram of a granular activated carbon when studying the 
removal of phenols from an oil refinery wastewater in fixed-
bed column experiments at 25 °C. Unfortunately, aggregate 
values are given for all phenols present in the industrial 

effluent treated, but specific figures for each compound are 
not available.

In addition, experimentation with repeated adsorption 
cycles is less common. For instance, the retention of p-cresol 
on two different modified vermiculites, even while achieving 
good initial sorption capacities, showed a marked decrease 
in reusability after only three cycles of use [27]. After four 
cycles of regeneration with an ethanol/acetic acid solution, 
the adsorption capacity of imprinted nanocomposites from 
biomass bacterial cellulose was reduced to 10% for o-cresol 
and about 6–7% for m-cresol and p-cresol [23].

On the other hand, in view of the scarcity of works with 
cresols and cyclodextrin-based sorbents, it is interesting to 
point out some recent studies on phenol adsorption on these 
type of materials. Thus, Peng et al. reported a maximum 
adsorption capacity for phenol of 36.0 mg/g with a modified 
β-cyclodextrin chitosan composite in batch sorption assays 
at 25 °C and pH 6 [34]. A sorption capacity of 29.6 mg 
of phenol per gram of sorbent was reached in a packed-
bed filled with a similar CDP treating a synthetic phenolic 

Fig. 2  Breakthrough curves for sorption of cresols onto CDP beds: a 
for m-cresol sorption in test runs 1, 5 and 9; b for the three isomers at 
test run 3
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wastewater at 25 °C [10], albeit with an inlet molar concen-
tration fivefold higher than that used here. Another β-CDP 
synthesized by epichlorohydrin crosslinking yielded a sorp-
tion capacity for phenol of 5.51 mg/g in batch experiments 
at 25 °C [35].

Desorption Experiments

The elution profiles measured are very asymmetric, with 
the left-hand side increasing sharply to a maximum (at 
time tM) and then the right side decreasing smoothly and 
asymptotically to zero. Each profile showed this maximum 
concentration peak at around 5–10 min after turning on the 
eluent pump, and reaching several times the initial concen-
tration value used in the corresponding sorption test (this 
maximum height is here defined as C/C0,M). The experimen-
tal data for the elution of the three isomers from the CDP 
beds were also successfully fitted (calculated determination 
coefficients,  R2 > 0.98) to the pulse-peak model (Eq. 6). The 
results obtained are listed in Table 5: the independent param-
eters (c and d; therefore, also N – 2 degrees of freedom), the 
dependent variable k (derived from the boundary condition 
given by Eq. 8), and the calculated values of peak time and 
peak height (tM and the C/C0,M, respectively). It is notewor-
thy that the average of the calculated tM values did not vary 

significantly from one isomer to another: 8.02 ± 0.36 min for 
o-cresol, 7.80 ± 0.23 min for m-cresol, and 8.13 ± 0.30 min 
for p-cresol. In contrast to tM, the C/C0,M values obtained did 
appear to have a clear relationship with the sorption capaci-
ties of CDP found for each isomer. Thus, mean C/C0,M val-
ues of 1.95 ± 0.10 were estimated for o-cresol, 3.72 ± 0.22 
for m-cresol, and 4.96 ± 0.27 for p-cresol.

As illustrative examples, the experimental data of elution 
curves with the three eluents for the same operating cycle 
are shown in Fig. 3. The corresponding profiles calculated 
by Eq. (6) have been plotted for clarity. As was the case 
with the breakthrough curves, for each cresol isomer, very 
similar desorption profiles were found from test run 1 to 9 
(see Fig. 3a for m-cresol). The effect of the type of sorbate 
on the elution profile is depicted for the same cycle (test 
run 3) in Fig. 3b. Despite the difference in amplitude in the 
profiles for each isomer, the time needed for achieving the 
desorption of the half amount of sorbate retained at each 
CDP bed was calculated to be relatively constant (between 
13.5 and 14 min). Again, a similar pattern was observed for 
each isomer and for each test run carried out.

Likewise, the structural appearance of the three CDP beds 
(one for each isomer tested) remained unchanged through-
out the nine sorption–desorption cycles. The same finding 
was observed when almost up to thirty cycles with phenol 

Table 4  Maximum sorption 
capacities for cresols onto 
different adsorbents

Adsorbent Cresol C0,MAX (mg/L) qMAX (mg/g) T (oC) References

Commercial activated carbon o- 200 36.0 30 [18]
Commercial activated carbon p- 70 56.6 25 [19]
Cork activated carbon p- 4,900 340 25 [20]
Sawdust activated carbon o- 500 222 25 [21]
Al2O3/carbon nanotubes p- 200 70.4 [22]
Commercial alumina p- 70 55.8 25 [19]
Bacterial cellulose film o- 600 23.7 25 [23]
Bacterial cellulose film m- 600 33.9 25 [23]
Bacterial cellulose film p- 600 45.6 25 [23]
Coconut charcoal p- 1,000 257 25 [24]
Diatomite/carbon composite p- 120 82 RT [25]
Synthetic hydroxyapatite p- 346 67.6 [26]
Modified vermiculite p- 200 59.7 25 [27]
Nanocomposite hydrogel m- 250 176 35 [28]
Commercial resin o- 1000 173 20 [16]
Commercial resin m- 1000 195 20 [16]
Commercial resin p- 1000 195 20 [16]
Commercial resin p- 600 141 20 [29]
Rhamnolipid composite p- 40 25 20 [30]
β-CDP m- 60 5.0 20 [31]
β-CD/chitosan resin m- 200 39.9 30 [32]
β-CDP o- 108 6.2 25 This work
β-CDP m- 108 11.6 25 This work
β-CDP p- 108 15.1 25 This work
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were performed with other similar CDP bed [10], being that 
favorable condition attributed to the relative similarity in 
solvent polarities between methanol and water. Considering 
this fact, together with the adsorption capacities achieved, 
the present work demonstrates that CDPs would be good 
candidate materials to be used in multiple-cycle operations 
for the removal of cresols from water. Even though some 
other affordable materials, such as coconut charcoal, might 
show a better adsorption performance, the present investiga-
tion shows that these hydrogel sorbents are stable through 
successive sorption–desorption cycles.

Conclusions

The sorption of cresol isomers in packed beds composed of 
hydrogel beads of a cyclodextrin-based polymer and their 
regeneration have been studied for nine operating cycles. 
In addition, it has been shown that both Langmuir and Fre-
undlich isotherms yield appropriate fittings in the range of 
conditions studied. Higher cresol concentrations in the batch 

experiments would be required to ascertain whether this 
material behaves as a homogeneous (i.e. Langmuir-like) one. 
Nevertheless, the sorption experiments carried out allowed 
to obtain the thermodynamic parameters of the process and 
confirm its exothermic nature with similar enthalpies for the 
three isomers. No significant different profiles for both sorp-
tion and desorption steps were observed under the experi-
mental conditions applied. The mean sorption capacities 
of CDP beds were found to be 6.2 mg/g-CDP for o-cresol, 
11.6 mg/g for m-cresol, and 15.1 mg/g for p-cresol. Nev-
ertheless, no substantial differences were observed in the 
sorption rates for each isomer, giving a mean value of about 
0.10 mg-cresol g-CDP–1  min–1 in all systems. An analogous 
pattern was seen in the regeneration step, where half of the 
retained isomer on CDP bed was always released in a simi-
lar elution time (approximately 14 min). The differences in 
cresol sorption capacities of the CDP are attributable to the 
different chemical structures of the isomers. The experimen-
tal data for the breakthrough and the elution curves have 
been successfully modeled by two effective two-parameter 
equations, a dose–response model for the sorption step and a 

Table 5  Fitting parameters of 
elution curves (test runs 1 to 9) 
of cresols from the CDP matrix

oC o-cresol, mC m-cresol, pC p-cresol

Run c  (min–1) d  (min–2) k (-) tM (min) C/C0,M SSE (-) R2

oC1 0.08067 0.03447 4.462 7.66 2.09 0.0490 0.9955
oC2 0.07972 0.03108 4.445 7.98 2.03 0.0770 0.9881
oC3 0.07961 0.03377 4.371 7.74 2.05 0.0559 0.9938
oC4 0.07766 0.03251 4.234 7.90 1.99 0.0299 0.9982
oC5 0.07182 0.03696 3.770 7.69 1.93 0.0608 0.9920
oC6 0.07614 0.02646 4.175 8.46 1.86 0.0669 0.9898
oC7 0.07284 0.02930 3.917 8.35 1.86 0.0661 0.9899
oC8 0.07301 0.03500 3.799 7.82 1.89 0.0615 0.9915
oC9 0.07310 0.02697 4.029 8.60 1.86 0.0759 0.9869
mC1 0.08402 0.03335 8.619 7.66 3.89 0.1253 0.9916
mC2 0.07987 0.03082 8.035 7.99 3.65 0.1476 0.9870
mC3 0.08971 0.03386 9.412 7.48 4.09 0.1285 0.9920
mC4 0.08220 0.03629 8.206 7.48 3.85 0.1389 0.9885
mC5 0.08010 0.03430 8.114 7.68 3.81 0.1627 0.9851
mC6 0.07687 0.03196 7.717 7.97 3.63 0.1463 0.9883
mC7 0.08040 0.03085 8.231 7.98 3.73 0.1405 0.9885
mC8 0.07038 0.03356 6.914 8.02 3.48 0.1589 0.9834
mC9 0.06975 0.03447 6.607 7.96 3.37 0.1304 0.9880
pC1 0.08656 0.02483 12.59 8.43 5.03 0.1053 0.9964
pC2 0.08257 0.03000 12.31 8.00 5.43 0.1062 0.9968
pC3 0.08034 0.02771 12.34 8.28 5.40 0.1652 0.9926
pC4 0.07518 0.03404 10.22 7.84 4.97 0.1107 0.9959
pC5 0.07770 0.03308 10.08 7.85 4.76 0.1175 0.9951
pC6 0.07902 0.03408 10.03 7.73 4.74 0.1013 0.9963
pC7 0.08004 0.02735 11.01 8.34 4.81 0.1576 0.9915
pC8 0.07959 0.02537 11.29 8.58 4.82 0.1583 0.9915
pC9 0.08016 0.02962 10.56 8.10 4.73 0.1190 0.9949
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pulse-peak model for the regeneration step. The CDP matrix 
has been proven to be an effective a good sorbent material 
for removing cresols from water, exhibiting remarkable reus-
ability performance and structural stability throughout the 
successive elution steps carried out with methanol.
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