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Abstract While the specific recovery of valuable chemi-
cals from waste streams represents an environmentally-
friendly and potentially economically-relevant alternative
to synthetic chemical productions, it remains a largely
unmet challenge. This is partially explained by the com-
plexity of designing sorption materials able to target one
specific compound and able to function in complex matri-
ces. In this work, a series of cyclodextrin-based polymers
(CDPs) were designed to selectively extract phenolic com-
pounds from a complex organic matrix that is olive oil mill
wastewater (OMW). In order to endow these polymers
with selective adsorption properties, several monomers
and cross-linkers were screened and selected. The adsorp-
tion properties of the CDPs produced were first tested with
selected phenolic compounds commonly found in OMW,
namely syringic acid, p-coumaric acid, tyrosol and caffeic
acid. The selected CDPs were subsequently tested for their
ability to adsorb phenolic compounds directly from OMW,
which is known to possess a high and complex organic con-
tent. It was demonstrated through high-performance liquid
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chromatography-mass spectroscopy analyses that efficient
removal of phenolic compounds from OMW could be
achieved but also that two compounds, namely tyrosol and
hydroxytyrosol, could be selectively extracted from OMW.
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Introduction

Since the early days of supramolecular sciences, chemists
have devoted great efforts to design molecular receptors
capable of specific recognition of a wide variety of targets
ranging from small inorganic ions to large biomolecules
[1]. These molecular receptors have been widely used to
produce (nano)-materials with selective molecular recogni-
tion properties [2]. These materials have been extensively
studied for biomedical purposes, and to a lower extent for
environmental applications.

Supramolecular materials, because of their efficient
molecular recognition properties may find a wealth of new
applications for the selective removal of harmful or valu-
able targets from industrial waste streams. One example
of interest is the extraction of phenolic compounds from
olive oil mill wastewater (OMW). Indeed, the large amount
of OMW produced by the olive oil industry (more than
30 million m>/year) is a major environmental problem, as
several organic components of this waste stream are known
to possess phytotoxic activities [3]. However, some of these
compounds are also valuable molecules (e.g. phenolic com-
pounds) for different types of applications (e.g. food, cos-
metic formulation or therapeutic application).
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The design of synthetic materials with enhanced
molecular recognition properties has been extensively
approached from the perspective of molecular imprinting
[4]. Although this strategy allows the production of poly-
mers with high selectivity for their target molecules, it is
still facing limitations for implementation at the indus-
trial scale. These limitations include the need of large
quantities of template molecules for the polymer produc-
tion and the difficulties to extract the template from the
imprints once the polymer is produced [5]. Activated car-
bon has been also extensively studied for the adsorption
of toxic compounds and the remediation of contaminated
water [6, 7] as well as other polymeric adsorbents or res-
ins [8—10] and has shown good adsorption capacity but
often lack specificity in the adsorption and in the recov-
ery processes.

Another strategy to produce polymers with enhanced
molecular recognition properties relies on the integration
into the polymer structure of macrocyclic receptors such
as crown ethers [11], cryptands [12], calixarenes [13],
cucurbiturils [14], and cyclodextrins (CDs) [15].

CDs have attracted a special interest for the design of
sorption materials as, besides their outstanding molecu-
lar recognition properties in water, they are produced
through inexpensive biosynthetic processes at the indus-
trial scale. CDs can also be integrated within insoluble
polymers, as the macrocycle can be easily cross-linked
with different monomers [16]. Therefore, the use of CD-
based polymers (CDPs) has spread over a multitude of
disciplines including environmental sciences [17].

CDPs have been developed and used as sorbents for
several compounds including phenols but most often,
despite high sorption capacities, they lack selectivity and
recovery processes are either not specific or performed in
simple matrices [18-20]. In order to tailor the recogni-
tion properties of CDPs, we previously developed syn-
thetic methods that allow producing and testing molecu-
lar recognition properties, in a high throughput fashion,
of a large number of different CDP formulations. We
showed that CDPs’ selectivity could be optimized by tun-
ing the size of the CD macrocycle and the selection of the
monomers [21, 22].

In the present work, we report the synthesis of cyclo-
dextrin-based polyurethanes at gram scale quantities and
demonstrate that the selective molecular recognition
properties of CDPs for the selective extraction of rel-
evant phenolic compounds from complex waste streams
as OMW could be achieved by the selection of additional
monomers, cross-linkers and a specific desorption sol-
vent. We also demonstrate the efficiency of the CDP to
extract specifically from OMW two polyphenolic com-
pounds, namely tyrosol and hydroxytyrosol.
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Experimental
Materials and methods

B-CD was purchased from CycloLab (Hungary). All other
chemicals and solvents were purchased from Sigma-Aldrich
(Switzerland) and used without further purification. Six
different functional monomers were used for the prepara-
tion of the polymers: 1,4-phenylene diisocyanate (PDI),
hexamethylene diisocyanate (HDI), 2,2-bis(hydroxymethyl)
propionic acid (DMPA), dihydroxybenzoic acid (DHBA),
1,4-dihydroxy-2-naphthoic acid (DHNA) and 2,5-dihy-
droxyteraphthalic acid (DHTA). An Agilent HPLC 1100
system was used with a reversed-phase column Zorbax
SB-C18 for HPLC analyses. The mobile phase consisted
in solvent A (H,0:CH;CN:TFA, 95:4.9:0.1, v:v:v) and sol-
vent B (H,O:CH;CN:TFA, 4.9:95:0.1, v:v:v). An isocratic
gradient was applied and flow rate kept constant (1.0 mL/
min). The HPLC-UV detector was set to 230 and 280 nm.
Ion trap mass spectrometry analyses were performed on an
Agilent 1260 liquid chromatography setup coupled to an
Agilent 6320 ion trap spectrometer via a nano-ESI inter-
face. Nanopure water (resistivity>18 MQ cm) was pro-
duced by a Millipore Synergy purification system. Absorp-
tion measurements were carried out with a H1-Hybrid
BioTek spectrophotometer using UV Star 96 well microtiter
plates (Greiner Bio-one). Fourier transform infrared (FTIR)
spectra were recorded using a Varian 670-IR spectrometer
from 500 to 4000 cm™".

OMW samples were kindly provided by an olive mill
located in the Apulia region (Italy) and stored in the dark at
4°C. To remove solid particles and aggregates from OMW,
samples were centrifuged for 10 min at 3220Xg and sub-
sequently the supernatant was filtrated through a Teflon
filter (0.45 pm) to remove insoluble residues. The removal
of lipids from the OMW was achieved by liquid-liquid
extraction with hexane and the phenolic compounds were
extracted by liquid-liquid extraction with ethyl acetate [23,
24]. The organic phase was dried over MgSO, and evapo-
rated under reduced pressure at 30°C. Solutions with the
desired concentration of phenolic compounds were then
prepared for further experiments.

Synthesis

Dibutyltindilaurate (DBTDL) (1 mL) was added to 160 mL
of DMF freshly dried over molecular sieves and degassed
with nitrogen. Subsequently, the appropriate amount of
monomers was added (Table 1). After 120 min of reaction
under stirring at 65°C (20 min for CDP 71 and 74), 200
mL of a solution of $-CD (12 mmol, 13.61 g) and 1 mL of
DBTDL in DMF were added and allowed to react at 75 °C
for 3 h. The mixture was then poured in 100 mL of acetone
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Table 1 Polymers produced and their composition OH
Polymers Monomers Mole n (mmol) Mass m (g) HO o /§Oﬁ
CDP 71 PDI 48 7.69 oho OH
CDP 74 HDI 48 8.07 » © OH
CDP 76 PDI 48 7.69 0 HO,

DHBA 6 0.93 o PoH o)
CDP 78 PDI 48 7.69 OH

DHNA 6 1.23 HO - R-CD o
CDP 87 HDI 48 8.07 5 OH

DMPA 6 0.80 OH
CDP 89 HDI 48 8.07 oH7 b OH

DHTA 6 1.19 © OF<|30H OHO

o OH ©
to yield a white precipitate that was washed with acetone NCO OH oH
(3x200 mL), water (3x200 mL) and ethanol (3x200 e~ NCO
mL) to remove unreacted DBTDL, monomers, and p-CD. OCN
Finally, the CDP produced was dried under vacuum at NCO OH
60°C for 24 h prior to use. In Table 1 and Fig. 1 are given PDI HDI DHBA
the quantities used for each polymerization reaction and the
chemical structures of p-CD and the selected monomers. OH © o, o oH O
The reaction mechanism and schematic structure of the OH
CDPs is shown in Fig. S1 and FTIR spectra are given in OO OH HO/%/U\OH HO\”/©/N\
Fig. S2. O OH
OH

Binding assay of the selected phenolic compounds DHNA DMPA DHTA

The binding assay of the selected phenolic compounds
(p-coumaric acid, caffeic acid, tyrosol and syringic acid,
cf. Fig. 2) onto the CDPs in water was performed as fol-
lows. The selected polymer (100 mg) was added to 1.5
mL aqueous solution of phenolic compounds (1 mg/mL).
The suspension was maintained at 25 °C for 2 h and subse-
quently centrifuged at 8050xg for 10 min. The supernatant
was then collected to measure the absorbance at 270 nm for
syringic acid and tyrosol, at 290 nm for p-coumaric acid
and at 320 nm for caffeic acid.

Equilibrium isotherms

For the determination of adsorption isotherms, solutions of
2 mL with different concentrations (0.25, 0.1, 0.08, 0.05,
0.02 mg/mL) of tyrosol and hydroxytyrosol were prepared
and stirred at 800 rpm at 25 °C with 20 mg of CDP for 2h.
The suspension was then centrifuged at 8050xg for 5 min
and the supernatant was recovered for absorbance measure-
ment at 280 nm.

Binding assay of OMW phenolic compounds

A fraction of 1 mL of phenolic compounds solution
extracted from OMW (2 mg/mL) was incubated with the

Fig. 1 Chemical structures of p-cyclodextrin and the monomers
used to produce CDPs: 1,4-phenylene diisocyanate (PDI), hexa-
methylene diisocyanate (HDI), and cross linkers: dihydroxyben-
zoic acid (DHBA), 1,4-dihydroxy-2-naphthoic acid (DHNA),
2,2-Bis(hydroxymethyl)propionic acid (DMPA) and 2,5-dihydoxy-
terephtalic acid (DHTA)

CDP (100 mg) for 2 h at 25°C. Consequently, the mixture
was centrifuged at 8050xg for 10 min and the supernatant
was recovered and analysed by HPLC. The adsorption and
desorption of phenolic compounds from CDPs was also
performed using a packed CDP column built using a clas-
sical chromatographic column filled with CDP. The sample
of OMW was deposited on the CDP column and the OMW
sample was eluted through the column using a mixture

OH
0o o]
o O
Ej HO HO
OH OH

p-coumaric acid

OH
HsCO OCHs
S
o0 o

syringic acid tyrosol caffeic acid

Fig. 2 Chemical structures of the selected phenolic compounds at
pH6
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methanol/water to desorb the phenolic compounds from
the CDP. Different solvents ratios were applied in sequence
over the same CDP packed column affording thus different
fractions. The different fractions recovered were then ana-
lysed by HPLC-DAD.

Results and discussions
Adsorption of selected phenolic compounds

In this study, six different water-insoluble polymers were
produced (CDP 71, 74, 76, 78, 87 and 89) cf. Table 1. The
presence of urethane and aromatic functions of the CDPs
were confirmed for each polymer by FTIR spectroscopy.
Each polymer was prepared with a different monomer
composition in order to evaluate their binding efficiency
first towards four selected phenolic compounds and then
towards phenolic compounds present in OMW.

Four phenolic compounds were selected for the study
upon their relevance and presence in OMW: p-coumaric
acid, caffeic acid, tyrosol, and syringic acid. The chemical
structures of the selected phenolic compounds are shown
in Fig. 2, and the results of the binding assays are shown in
Fig. 3.
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As shown in Fig. 3, CDP 71 had a higher binding affinity
than CDP 74 for the four phenolic compounds tested. This
is explained by the presence of aromatic groups in CDP 71,
absent in CDP 74 that induces n-x interactions with the tar-
get phenolic compounds. CDP 76 was the least efficient of
those polymers to adsorb phenolic compounds because of
the additional use of the DHBA cross-linker. This decrease
of bound phenolic compounds can be explained by electro-
static repulsion occurring between the negatively charged
carboxylic groups of the phenolic compounds and the
cross-linker DHBA. At the pH of the phenolic solution (pH
6), 100% of the carboxylic acids of DHBA monomers (pKa
2.93) were deprotonated. The phenolic compounds syringic
acid, p-coumaric acid and caffeic acid have respectively the
following pKa: 3.86, 4.64, and 4.37 [25-27]. The deproto-
nated state of these phenolic compounds may lead to elec-
trostatic repulsions. Oppositely, the chemical structure of
tyrosol does not contain carboxylic functions; it was there-
fore not affected by the presence of other carboxylic func-
tions within the polymer and remains well adsorb by all
the CDPs. CDP 87 was produced with DMPA cross-linker,
although it bears a carboxylic group (pKa 4.64) its pKa is
higher than DHBA (pKa 2.93) used for CDP 76. Conse-
quently a higher binding percentage was observed for CDP
87 than for CDP 76. Electrostatic interactions have thus an
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Fig. 3 Percentage of adsorbed syringic acid (Syr), tyrosol (Ty), p-coumaric acid (p-Cou) and caffeic acid (Caff) onto CDP 71, 74, 76 and CDP

87. Data are presented normalized with the initial phenolic concentration
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effect on the absorption process and play also, alongside
7-T interactions, an important role on the different affinity
between CDPs and phenolic compounds.

Adsorption of OMW phenolic compounds

The polymers were dispersed in an aqueous solution of
phenolic compounds for 2h at 25°C. The suspension was
then centrifuged and the supernatant recovered and ana-
lysed by HPLC. The chromatogram of the corresponding
supernatant and the binding efficiency of each polymer are
given in Fig. 4.

The HPLC chromatograms revealed different affini-
ties for each CDP towards the target compounds. Binding
capacity was evaluated by integration and comparison of
the peaks before and after adsorption. The five major peaks
at 4.3, 4.8, 5.3, 6.5 and 7.8 min elution time correspond-
ing to the main phenolic compounds present in OMW
were selected and named respectively A, B, C, D and E for
clarity.
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Fig.4 a HPLC-DAD chromatograms of the supernatant after
incubation of OMW samples with CDP 71, 74, 76, 87 and 89.
(A=230 nm; injection vol.: 50 uL.) (CDP 71—CDP 89: curve bot-
tom to top) b Binding capacity of CDP 71, 74, 76, 87 and 89 for the
selected phenolic compounds. (CDP 71— CDP 89: column /eft to
right)

Among the tested CDPs, CDP 71 showed a binding pro-
file with a high adsorption capacity where more than 70%
of all the five labelled phenolic compounds were bound
to the polymer with a maximum of 83% for compound B.
CDP 74 and CDP 76 showed similar profiles where they
bound more than 60% of A and D. CDP 87 is the only CDP
tested that has higher adsorption for C but a low binding
efficiency for B and E. Regarding CDP 89, it binds effi-
ciently only A (50%) and D (52%), making it the less effec-
tive polymer probably because of its hydrophobicity and
the difficulty to obtain a homogenous dispersion in water.

Desorption of OMW phenolic compounds

In order to improve the specific recovery of phenolic com-
pounds a CDP-packed column was used. The desorption of
these phenolic compounds was evaluated through the use
of organic and non-organic solvents: ethanol, methanol,
ethyl acetate, water, acidic (pH 2) and basic (pH 12) aque-
ous solutions, and methanol/water mixture. Only the lat-
ter provided appropriate desorption. The results shown in
Fig. 5, were obtained with CDP 71 and a water/methanol
mixture. The CDP packed column was first loaded with
OMW sample and then desorbed with different ratio of a
methanol/water mixture.

Desorbed phenolic compound is defined as the percent-
age of desorbed phenolic compound contained in the frac-
tion over the initial amount of the same phenolic compound
contained in the sample before adsorption and desorption
from CDP. In the first fraction, up to 40% of phenolic com-
pounds A and E were desorbed with water. A decrease of
desorbed phenolic compound over the next fractions was
expected as the concentration of phenolic compounds
contained into the CDP is decreasing over the fractions.

w w B
o (9] o

Desorbed phenolic compound (%)
g N
o (9]

0 20 40 60 80 100
MeOH (%)

Fig. 5 Desorption of phenolic compounds from CDP 71 with
increasing proportions of methanol in a methanol/water mixture
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However, an increase of the concentration for compound
D precisely for a ratio 40/60 methanol/water was observed.
From these results, it appears that an enhanced selective
desorption of compound D and for compound A (to a lesser
extent) can be achieved using methanol/water mixture.

We thus realized the desorption of CDP packed column
using methanol/water (60/40) to obtain eight different frac-
tions, which were analysed by HPLC-DAD, (Fig. 6). The
fraction composition has been determined from area peak
of HPLC chromatograms.

From Fig. 6, it can be seen that the concentration of des-
orbed phenolic compounds is increasing until the fifth frac-
tion where compound D represents about 40% of the over-
all fraction. Compounds A and D together represent almost
60% of the overall desorbed fraction in the fifth fraction.
Compound A also reaches a maximum in fraction 4 where
it represents 22% of the overall fraction. The enrichment
ratios for each phenolic compound are showed in Fig. 7.
The enrichment ratio was calculated as follow: percentage
of the area of the phenolic compound over area of the total
phenolic compounds after desorption, divided by the area
of the phenolic compound over area of the total phenolic
compounds before desorption.

The highest concentration was recovered in fraction 5
for compound D and its concentration is three times higher
than in the original fraction. That allow us to confirm the
selective desorption of compound D.

The chromatograms before adsorption and after desorp-
tion of phenolic compounds from OMW are presented in
Fig. 8. Chromatogram after desorption corresponds to the
fifth fraction where compound D has the major peak area.
As it can be seen in Fig. 8, two major compounds were
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Fig. 6 Percentage of the desorbed phenolic compounds from CDP 71
over the fractions with a mixture water/methanol 60/40. (A—E: col-
umn left to right)
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Fig. 7 Enrichment ratios of the studied phenolic compounds. (A—E:
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isolated: A and D (first peak corresponds to the solvent).
Compound D has been recovered in an effective manner;
to identify the compound additional ion trap mass spectros-
copy analyses were carried out. The results allowed iden-
tifying tyrosol (marked as TY in chromatogram Fig. 8), a
major phenolic component of olive oil known for its anti-
oxidant properties [28]. Also compound A was identified
by matching of retention time with the standard hydroxyty-
rosol. The compound is marked as HT in the chromatogram
Fig. 8.
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Fig. 8 HPLC-DAD chromatograms before adsorption (a) and after
desorption (b) from CDP 71
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Adsorption isotherms

In order to determine the adsorption process of tyrosol
and hydroxytyrosol onto CDPs, Langmuir and Freun-
dlich models were studied. The results suggested that the
adsorption of tyrosol and hydroxytyrosol onto CDPs were
best described with the Freundlich model that defines a
multilayer adsorption process (Figs. S3, S4). As the affin-
ity of the CDPs for tyrosol and hydroxytyrosol depends
only on the presence of n-m stacking and not electrostatic
repulsion, CDP 78 was synthesised with another cross-
linker (DHNA), which possesses two aromatic groups to
assess how it might affect the adsorption. The isotherms
confirmed the higher efficiency of CDP bearing aromatic
groups (CDP 71, 76 and 78) for adsorbing tyrosol. The
adsorption parameters are shown in Table S1 and indicated
that CDP 71 was the best CDP to adsorb tyrosol despite the
use of DHNA monomers for CDP 78.

Hydroxytyrosol differs from tyrosol by a unique
hydroxyl group on the aromatic ring. Therefore it was
assumed that CDP 74 and CDP 87 would exhibit the same
binding capacity for hydroxytyrosol than for tyrosol. It was
thus decided to perform the assay with the following poly-
mers: CDP 71, 76 and CDP 78.

Despite the additional aromatic groups expected for
CDP 78 because of the use of DHNA monomers, CDP 71
remains the best polymer to adsorb hydroxytyrosol (Fig
S4). The different Freundlich constants derived from these
plots are presented in Table S2.

Conclusion

Different CDPs were produced and showed different
adsorption capacity towards four selected phenolic com-
pounds. The different binding profiles allowed us to point
out the important role that, besides inclusion, - and elec-
trostatic interactions play. One of those polymers, CDP 71,
showed a relative good absorption capacity for the phenolic
compounds and was selected to recover specific phenolic
compounds from OMW. CDP 71 was then shown to be
effective for the specific recovery of tyrosol and hydroxy-
tyrosol from the complex matrix that is OMW. The selec-
tive desorption using water/methanol mixture allows to
recover tyrosol and hydroxytyrosol in an effective man-
ner. The process of adsorption and desorption of phenolic
compounds with CDP has been shown to be effective and
allowed the concentration of fractions up to 40% of tyrosol.
This concentration was three times higher than in the origi-
nal fraction of OMW. The concentration went up to 60%
of the desorbed fraction for tyrosol and hydroxytyrosol
together. The linear Freundlich isotherm model provides
the highest R? regression coefficient among the two models

studied and allow us to confirm the heterogeneous adsorp-
tion process of tyrosol and hydroxytyrosol onto the poly-
mer. These two organic compounds are radical scavengers
and strong antioxidants potentially useful for the cosmetic
and the food industries. The use of CDP for water remedia-
tion combined with the specific recovery of valuable mol-
ecules appears to be a promising solution for environmental
issue arising from OMW. The work is underway to upscale
the polymer synthesis and optimize further the extraction
to other phenolic compounds for its implementation on a
pilot-plant and possible further industrial use.
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